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Abstract 
This study aims to assess the pore water movement in the tidal flat induced by tidal and 
thermal environment in the shallow sea. The pore water movement occurs in the tidal flat 
area due to the tidal effects and the presence of the biogenic gas in the tidal mud. The time 
lag to reach peak pore water pressure in the tidal flat area causes some upward and 
downward movement of the pore water during flood tide and the ebb tide. The diurnal and 
seasonal variation of temperature in the tidal flat area causes a movement of pore water at 
different depths. A correlation is developed for the temperature profile with depth in the 
muddy tidal flat area. The temperature distribution in the tidal mud area shows a great 
variation from winter to summer. The uppermost region of the tidal flat mud is largely 
influenced by the solar radiation. But in the deeper part, the temperature is influenced by 
the thermal properties of the mud, more specifically, the volumetric heat capacity of the 
mud. 
The thermal properties of the mud of the acid contaminated Ariake Sea was investigated 
through laboratory studies. The thermal properties of mud collected from tidal flat showed 
a different trend from the mud collected from under the sea due to its exposure to sunlight 
and the tidal wave turbulation. Thermal diffusivity does not change at all in the deep sea 
mud samples which typical value of 0.12 mm2/sec in all seasons.  The thermal 
conductivity of the Ariake mud reduced from 85 to 90% after it was oven dried and 
increased by from 10 to 30% after ignition loss. The thermal resistivity of the Ariake mud 
increased dramatically after oven drying. Thermal diffusivity decreased from 10 to 30% 
after oven drying. However it increased from 10 to 40% after the ignition loss. The 
volumetric heat capacity of the Ariake mud reduced from 80 to 90% and increased from 30 
to 40% by the water content and organic content, respectively. The sulphide content 
showed peak values at the same depth where the volumetric heat capacity showed similar 
 v 
peak values as the sulphate reducing bacteria prosper in the layer where the volumetric 
heat capacity is higher. The higher volumetric heat capacity region is more stable condition 
which is conducive to the sulphate reducing bacteria. A modification is proposed for the 
sulphide content-depth distribution relationship which is primarily proposed by the 
Jorgensen and Sorensen.  
The geoenvironmental condition of the Ariake Sea has been deteriorated due to the acid 
treatment practice for the sea laver cultivators. The field /laboratory tests were undertaken 
to investigate the effects of sea laver treatment agent on the salt concentration, pH and 
sulphide content of the tidal mud in the Iida and Higashiyoka sites of the Ariake Sea. The 
geotechnical properties of the muds in terms of liquid limit and plasticity index were also 
investigated. The generation of sulphide content is the main reason for the activities of the 
sulphate reducing bacteria in the sediments. The activities of the bacteria largely depend on 
the temperature and the thermal environment. The typical profile of the sulphide content 
with respect to depth is much influenced by the seasonal temperature. Consequently, the 
sulphide content increased to the levels much higher than the safe limit for the benthos 
living at the shallow depth of the mud. This change in the geoenvironmental properties of 
the Ariake sea mud can explain the recorded decrease in the catch of some benthos living 
in the near surface location of the mud. 
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Chapter 1 
 
INTRODUCTION 
 
 
 
1.1 General 
 
The ecosystem and aquatic environment for human activities including fisheries in 
shallow seas as well as coastal areas in Japan such as Tokyo Bay, Ise Bay, the Seto 
Island Sea and Ariake Sea have become degraded in recent years. The 
geoenvironmental condition of these seas has become unfavorable for the benthos 
living in the mud. This unfavorable geoenvironment causes a decline of catch of shells  
and other benthos living in the sea mud. The restoration of the marine ecosystem is  
now a major concern for the endangered ecosystem.  
In oceanography and limnology, pore water refers to water which fills the interstitial 
space between sediment grains in sedimentary deposits. Pore water may be displaced 
due to the activities of benthic fauna such as bioturbation and bioirrigation, or by 
physical processes such as consolidation. The thermal environment is one of the 
essential parts of the geoenvironmental conditions of the sea. The thermal properties of 
the mud under the sea, both in the tidal mud and the deep sea mud are very much 
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important for the evaluation of the thermal environment. The thermal properties of a 
matter refer to the properties which are related to temperature. The temperature profile 
in the tidal flat mud varies at different seasons. The diurnal variation of temperature in 
the tidal flat is also evaluated. If the average water depth of a sea is not more than 80 m 
then it is called the shallow sea. Some examples of shallow seas in the world are: 
Tokyo Bay (Avg. depth 15 m), Yatsushiro Sea (23 m), Ise Sea (16 m) , Ariake Sea 
( 20m)  in  Japan ; Sanfransisco Bay (7 m), Thai Sea (45 m), Chessepecks Bay (9 m) 
and so on. 
 
 
1.2 Background 
 
Various activities of marine ecosystem largely depend upon the thermal environment  
of the mud. Especially for the tidal mudflat area, where the sea bed can be exposed, the 
sunlight directly has a great influence its thermal properties. The activities of the 
various benthos living in the tidal mudflat areas is influenced by the temperature and 
the thermal properties of the mud. Moreover, the activities of the benthos depend 
strongly on the thermal environment near the sediment surface. Photosynthetic 
capacity of micro phytobenthos on an intertidal flat is strongly influenced by mud 
surface temperature (Blanchard 1997). The filtration rate of bivalves is dependent on 
the water temperature (Hosokawa et al. 1996). As a result, the evaluation of geothermal 
environment is important especially for the acid contaminated Ariake Sea. Thermal 
properties dictate the storage and movement of heat in soils and as such influence the 
temperature and heat flux in soils as a function of time and depth (Anadkumar et al.  
2001). In recent years, considerable efforts have gone into developing techniques to 
Introduction                                            Chapter１  
 3 
determine these thermal properties (Ochsner, 2001). The propagation of heat in a soil 
is governed by its thermal characteristics (De Vries , 1963). The main factors  
influencing soil thermal properties are mineralogical composition, organic content  
and water content (De Vries, 1952).  
 
 
1.3 Objectives and Scope of the Study 
 
The study is performed to understand the movement of the pore water in the tidal flat 
mud due the tidal and thermal effects. The temperature profile and the thermal 
properties of the tidal mud of the shallow sea has not been investigated before by the 
researchers. The main objectives of this study are: 
1. To observe the pore water movement due to tidal and thermal effects in the 
tidal flat of a shallow sea. 
2. To observe the geoenvironmental conditions of the shallow sea mud and its 
natural remediation by pore water movement. 
3. To observe the temperature profile within the tidal flat and the seasonal 
variation of temperature with depth. 
4. To observe the effects of water content on thermal properties of tidal mud , 
bentonite , kaolin and sand.  
5. To observe the effects of organic content and diatom content on thermal 
properties of the tidal mud. 
6. To compare the thermal properties of the tidal mud and the deep sea mud of the 
Ariake Sea.  
7. To observe the relation of the acid volatile sulphide (AVS) depth distribution 
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and the thermal properties. 
8. To observe the effects of acid treatment practice of the sea laver cultivation on 
the geoenvironmental condition of the Ariake sea. 
 
 
The dissertation consists of several parts. The description of each chapter is as follows: 
1) Chapter 1- Introduction. The chapter describes the general background, objectives  
and scope of the study.  
2) Chapter 2- Literature review-The thermal properties of the soil are reviewed in this  
chapter. The previous studies related to thermal properties of soil in the agricultural 
field are described. The temperature distributions in the tidal mudflat are also 
described in this chapter. 
3) Chapter 3- Study area. The study area of this research is introduced in this chapter. 
The basic physico-chemical properties of the mud of the study area are described in 
this chapter. The Ariake Sea of Kyushu Island, Japan is considered as a shallow sea, 
which is the study area of this research. 
4) Chapter 4- Natural remediation efficiency of the Ariake Sea tidal mud. In this  
chapter the natural remediation efficiency of the tidal mud is discussed by a 
column test result. The tidal mud of the Ariake sea has become remediate by the 
influence of the upward and the downward seepage of the fresh sea water. The 
upward and downward seepage has some effects to remediate the contaminated 
tidal mudflat of the Ariake Sea. 
5) Chapter 5- Diurnal and seasonal variation of temperature in the tidal flat mud. In 
this chapter the variation of daily temperature and the annual temperature with 
respect to the depth of the tidal mudflat are discussed. The data are collected from 
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the Iida and the Higashiyoka tidal flat area of the Ariake Sea.  
6) Chapter 6- Thermal properties of the mud of the Ariake Sea. In this chapter the 
thermal properties of the Tidal mud and the deep sea mud are discussed. The 
factors which affect the thermal properties are described here. Thermal properties 
of tidal mud samples and the deep sea mud samples are evaluated and discussed 
here. Seasonal variations of the thermal properties in the tidal mud samples are 
evaluated here. 
7) Chapter 7- Effects of acid treatment practice on geoenvironmental conditions in the 
Ariake Sea. In this chapter the geoenvironmental condition of the Ariake Sea is  
described clearly and the reasons for deterioration are described. The laboratory 
test results for the study of the acid treatment and the field test data are described in 
this chapter. The laboratory test for the survival of the Jackknife shell in different  
acid concentration is also discussed in this chapter. 
8) Chapter 8– Conclusions and future recommendations. The main conclusions drawn 
from this study and the recommendations for further research are presented in this 
chapter. 
 
 
1.4 Summary 
 
In this chapter general introduction and background of this study are described. The 
organization of this dissertation is also described briefly in this chapter. 
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     Chapter 2 
 
 
LITERATURE REVIEW 
 
2.1 General 
 
Environmental pollution causes a great damage to the global ecology. The various 
kinds of species are fallen into great danger due to the global environmental change. 
The marine ecology especially faces a great challenge for the sea water pollution and 
the sediment pollution. In recent years, a lot of researches have been carried out to 
identify the causes of the problems and the great remedial measures of these types of 
problems. For the acquisition of the knowledge a regular monitoring of the 
environmental and the geoenvironmental parameters are popular matter now-a- days. 
The regular observation of the geoenvironmental parameters and to maintain it for the 
sustainable condition, the research has been carried out a great deal. Thermal 
environment study as a part of the geoenvironmental study has not got enough 
attention before especially for the marine geoenvironmental condition. The thermal 
environment is  one of the major parts of the geoenvironmental study in marine 
ecosystems which largely depend on the thermal properties of the tidal flat mud and 
the deep sea mud. 
 
 
2.2 Thermal Properties of Soil 
 
Thermal properties of soil refer to the properties of the soil which is related to 
temperature. The major parts of the thermal properties are as: 
Thermal conductivity 
Thermal resistivity 
Thermal diffusivity and 
Volumetric heat capacity 
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2.2.1 Conduction of Heat in Soil 
 
The conduction of heat in solids was analyzed as long ago as 1822 by Fourier, whose 
name is associated with the linear transport equations that have been used ever since to 
describe heat conduction. These equations are mathematically analogous to the 
diffusion equations (Fick’s laws), as well as to Darcy’s law for the conduction of fluids  
in porous media. An analogy can also be drawn between these laws and Ohm’s law for 
the conduction of electricity. A definitive text on the mathematics of heat conduction 
was published by Carslaw and Jaeger (1959). 
 
The first law of heat conduction, known as Fourier’s law, states that the flux of heat in 
a homogenous body is in the direction of, and proportional to, the temperature 
gradient: 
 
qh = -κ∇ T                                 (2.1)  
 
Here qh is the thermal flux (i.e.,  the amount of heat conducted across a unit  
cross-sectional area in unit time), is κ thermal conductivity, and ∇ T the spatial 
gradient of temperature T. In one-dimensional form, this law is written 
 
 
qh = -κx dT/dx   or   qh = -κz dT/dz            (2.2) 
   
Here dT/dx is the temperature gradient in any arbitrary direction designated x, and  
dT/dz is, specifically, the gradient in the vertical direction representing soil depth (z = 0 
being the soil surface). The subscripts attached to the thermal conductivity term are 
meant to account for the possibility that this parameter may have different values in 
different directions (i.e., it may be nonisotropic). The negative sign in these equations 
is due to the fact that heat flows from a higher to a lower temperature (i.e., in the 
direction of, and in proportion to, a negative temperature gradient). 
 
If qh is expressed in calories per square centimeter per second and the temperature 
gradient in degrees Kelvin per centimeter, κ has the units of calories per 
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centimeter-degree-second. If, on the other hand, the thermal flux is given in watts 
(Joules per second) per meter and the gradient in degrees per meter, the thermal 
conductivity κ assumes the units of watts per meter-degree. 
 
Equation (2.1) is sufficient to describe heat conduction under steady – state conditions, 
that is to say, where the temperature at each point in the conducting medium is  
invariant and the flux is constant in time and space as well. To account for non-steady 
(transient) conditions, we need a second law analogous to Fick’s second law of 
diffusion. To obtain the second law of heat conduction, we invoke the principle of 
energy conservation in the form of the continuity equation, which states that, in the 
absence of any sources or sinks of heat, the time rate of change in heat content of a 
volume element of the conducting medium must equal the change of flux with 
distance: 
 
ρсm tT ∂∂ /  = - ∇ qh                         (2.3) 
 
Where ρ is mass density and сm specify heat capacity per unit mass (called simply 
specific heat and defined as the change in heat content of a unit mass of the body per 
unit change in temperature). The product ρсm   (often designated C) is the specific 
heat capacity per unit volume, and  tT ∂∂ /   is the time rate of temperature change. 
The symbol ρ represents the total mass per unit volume, including the mass of water in 
the case of a moist soil. [The symbol ∇ (del) is the shorthand representation of the 
three-dimensional gradient]. An equivalent form of Eq. (2.3) is  
 
ρсm tT ∂∂ /   = ∂ qx/∂ x+ ∂ qy/∂ y + ∂ qz/∂ z     (2.4) 
  
where x, y, z are the orthogonal direction coordinates. 
 
Combining Eqs. (2.1) and (2.2), we obtain the desires second law of heat conduction: 
 
ρсm tT ∂∂ /   =  -∇ .(κ∇ T)                   (2.5) 
 
which in one-dimensional form, is  
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ρсm tT ∂∂ /   =  ∂ / ∂ x (κ ∂ T/∂ x)               (2.6) 
 
in some cases we may need to account for the possible occurrence of heat sources or 
sinks in the realm where heat flow takes place. Heat sources include such phenomena 
as organic matter decomposition, wetting of initially dry soil material, and 
condensation of water vapor. Heat sinks are generally associated with evaporation. 
Lumping all these sources and sinks into a single term S, we can rewrite the last 
equation: 
 
ρсm tT ∂∂ /   = ∂ / ∂ x (κ ∂ T/∂ x) ± S(x,t)          (2.7) 
  
in which the source-sink term is shown as a function of both space and time. 
 
The ratio between the thermal conductivity κ to the volumetric heat capacity C (= ρсm) 
is called the thermal diffusivity, designated DT. Thus, 
 
        DT   = κ/C                                (2.8) 
 
Substituting DT for κ , we can rewrite Eqs. (2.2) and (2.6) : 
 
            qh = - DTC ∂ T/∂ x                           (2.9) 
 
in the special case where DT  is constant (not a function of distance x), we can write 
 
            ∂ T/∂ t = - DT d2T/dx2                         (2.10) 
 
to solve the forgoing equations so as to obtain a description of how temperature varies  
in both space and time, we need to know, by means of measurement or calculation, the 
pertinent values of the three parameters just defined, namely, the volumetric heat  
capacity C, thermal conductivity κ, and thermal diffusivity DT. Together, they are 
called the thermal properties of soils (Hillel, 2004). 
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2.2.2 Volumetric Heat Capacity of Soils 
 
The Volumetric heat capacity C of a soil is defined as the change in heat content of a 
unit bulk volume of soil per change in temperature. Its units are calories per cubic 
centimeter per degree (kelvin), or joules per cubic meter per degree. As such, C 
depends on the composition of the solid phase (mineral and organic constituents) of the 
soil, on bulk density, and on soil wetness (Table 2.1). 
 
The value of C can be estimated by summing the heat capacities of the various  
constituents, weighted according to their volume fractions. As given by de Vries  
(1975), 
 
C = ∑ƒsi Csi + ƒw Cw + ƒa Ca                   (2.11) 
 
Here ƒ denotes the volume fraction of each phase: solid (subscripted s), water (w), and 
air (a). The solid phase includes a number of components subscripted i, such as various  
minerals and organic matter, and the symbol ∑ indicates the summation of the products 
of their respective volume fractions and heat capacities. The C values for water, air,  
and each components of solid phase is the product of the particular density and the 
specific heat per unit mass (i.e., Cw = ρwсmw, Ca = ρaсma, Csi = ρsiсmi). 
 
Most of the mineral’s composing soils have early the same values of density (about 
2.65 g/cm3, or 2.65×103 kg/m3) and of heat capacity (0.48 cal/cm3 K, or 2.0×106 J/m3 
K). Because it is difficult to separate the different components of organic matter 
presents in soils, it is tempting to lump them all into a single constituent (with as 
average density of about  1.3 g/cm3 or 1.3 ×103 kg/m3, and an average heat capacity 
of about 0.6 cal/cm3 K or 2.5×106 J/m3 K). 
 
Although the density of water is less than half that of mineral matter (about 1 g/cm3, or 
1.0×103 kg/m3), its specific heat is more than twice as large (1 cal/cm3 K or 4.2 ×106 
J/m3 K). Since the density of air is only about 1/1000 that of water, its contribution to 
the specific heat of the composite soil can generally be neglected. 
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Thus, Eq. (2.11) can be simplified as follows: 
 
 C = ƒm Cm + ƒo Co + ƒw Cw                     (2.12) 
 
where subscripts m, o, w refer to mineral matter, organic matter, and water, 
respectively.  
ƒm + ƒo + ƒw = 1- ƒa and the total porosity ƒ = ƒa + ƒw .  
 
Table 2.1 Densities and Volumetric Heat Capacities of Soil Constituents (at 10o0c) and 
of Ice (at 0oc) 
 
Density ρ Heat capacity C Constituent 
g/cm3 kg/m3 cal/cm3 K J/m3 K 
Quartz 2.66 2.66 ×  103 0.48 2.0×  106 
Other materials (average) 2.65 2.65×  103 0.48 2.0×  106 
Organic matter 1.3 1.3×  103 0.6 2.5×  106 
Water (liquid) 1.0 1.0×  103 1.0 4.2×  106 
Ice 0.92 0.92×  103 0.45 1.9×  106 
Air 0.00125 1.25 0.003 1.25×  103 
 
The volume fraction of water ƒw is designated as θ. knowing the approximate average 
values of Cm , Co , Cw, we can further simplify Eq.(2.12) to give 
 
 C = 0.48ƒm + 0.60 ƒo + ƒw                     (2.13) 
 
The use of Eq. (2.12) must be qualified in the case of frozen or partially frozen soils, 
since the properties of ice differ from those of liquid water (ρ=0.92 g/cm3 or 0.92 ×103 
kg/m3, and C=0.45 cal/cm3 K or 1.9 ×  106 J/m3 K). 
 
In typical mineral soils, the volume fraction of solids is in the range of 0.45-0.65, and 
C values range from about 1 MJ/m3 K (less than 0.25 cal/cm3 K) in the dry state to 
about 3 MJ/m3 K or 0.75 cal/cm3 K in the water-saturated state. 
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Apart from the method described for calculating a soil’s specific heat and volumetric 
heat capacity, it is also possible to measure these properties, using calorimetric 
techniques (Taylor and Jackson, 1986), a heat-pulse (Campbell et al./ 1991), or a TDR 
probe (Noborio et al., 1996).  
 
2.2.3 Thermal Conductivity and Diffusivity of Soils 
 
Thermal conductivity, designated κ, is defined as the quantity of heat transferred 
through a unit area of the conducting body in unit time under a unit temperature 
gradient. As shown in Table 2.2, the thermal conductivities of specific soil constituents 
differ very markedly (Table 2.3). Hence the space-average (macroscopic) thermal 
conductivity of a soil depends on its mineral composition and organic matter content, 
as well as on the volume fractions of water and air. 
 
Table 2.2 Thermal Conductivity of Soil Constituents (at 10o0c) and of Ice (at 0oc) 
 
Constituent mcal/cm sec K W/m K 
Quartz 21 8.8 
Other minerals (average) 7 2.9 
Organic matter 0.6 0.25 
Water (liquid) 1.37 0.57 
Ice 5.2 2.2 
Air 0.06 0.025 
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Table 2.3 Average Thermal Properties of Soils and Snow 
 
Soil 
type 
Porosity f Volumetric 
Wetness θ 
Thermal 
Conductivity 
(10-3 cal/cm sec 
o C) 
Volumetric heat 
capacity Cv (cal/cm 
sec o C) 
Sand 
 
0.4 
0.4 
0.4 
0.0 
0.2 
0.4 
0.7 
4.2 
5.2 
0.3 
0.5 
0.7 
Clay 
 
0.4 
0.4 
0.4 
0.0 
0.2 
0.4 
0.6 
2.8 
3.8 
0.3 
0.5 
0.7 
Peat 
 
0.8 
0.8 
0.8 
0.0 
0.4 
0.8 
0.14 
0.7 
1.2 
0.35 
0.75 
1.15 
Snow 0.95 
0.8 
0.5 
0.05 
0.2 
0.5 
0.15 
0.32 
1.7 
0.05 
0.2 
0.5 
 
 
2.3 Modes of Heat Transfer 
 
Heat transfer can be defined as the transmission of energy from one region to another 
as a result of temperature difference between them. Since differences in temperatures 
exist all over the world, the phenomena of heat flow are as universal as those 
associated with gravitational attractions (Arora and Domkundwar, 1998).  
There are three modes of heat transfer: conduction, convection and radiation. They 
have in common that a temperature differences must exist and that heat is always 
transferred in the direction of decreasing temperature. On the other hand, they differ 
entirely in the physical mechanisms and laws by which they are governed. 
Heat conduction is due to the property of matter which allows the passage for heat  
energy even its parts are not in motion relative to one another (Carslaw and Jaeger, 
1959). 
Literature review                                                        Chapter 2 
 
 15 
Heat convection is due to the capacity of moving matter to carry heat energy such as 
transporting a load from one place to another. 
Heat radiation is due to the property of matter to emit and to absorb different kinds of 
radiation and to the fact that an empty spaces is perfectly permeable to radiation and 
that matter allows them to pass more or less. 
Thermal properties are the intensive property of a material that indicates its ability to 
conduct heat. It is defined as the quantity of heat, Q, transmitted in time t through a 
thickness L, in a direction normal to a surface of area A, due to a temperature 
difference △T, under steady state conditions and when the heat transfer is dependent 
only on the temperature gradient. 
Thermal conductivity = 
T ΔAx
L
x
t
Q
 
In metals, thermal conductivity approximately tracks electrical conductivity, as the 
freely moving valence electrons transfer not only electric current but also heat.  
 
 
2.4 Thermal Properties Analyzer 
 
The thermal properties analyzer which is used in this study (Chapter 6) is the KD2 
Decagon Inc.( Made in USA). 
 
The equation describing the conductive heat transfer in a one-dimensional isotropic 
medium is  
 
            2
2
z
T
t
T
∂
∂=∂
∂ α                                (2.14) 
 
where T is the temperature, t is time, α is thermal diffusivity and z is the depth. 
 
The equation for radial heat conduction in a homogenous, isotropic medium is given 
by  
 
            
r
T
rr
T
t
T
∂
∂+∂
∂=∂
∂ 1
{ 2
2
α }                        (2.15) 
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where r is radial distance. 
 
When a long, electrically hated probe is introduced into a medium, the rise in 
temperature from an initial temperature To, at same distance, r, from the probe is 
 
            T- To = }4
{}
4
{
2
t
r
Ei
q
n απλ
−
                      (2.16) 
where q is the heat produced per unit length per unit time, λn is the thermal 
conductivity of the medium, and Ei is the exponential integral function. 
 
- Ei(-a)= ........)
8
(
4
)
4
ln()exp()
1
( 2
222
+−+−−=−∫∞ trtrtrduuua αααγ    (2.17) 
where a = 
t
r
π4
2
  and   γ   is Eular’s constant (0.5772….) . When t is large, the 
higher order terms can be ignored, so combining Eqns. (3) and Eqns.(4) yields: 
 
            T-To= )}4
ln(){ln(
4
2
αγπλ
r
t
q
n
−−                 (2.18) 
 
It is apparent from the relationship between thermal conductivity and ∆T= T- To .shown 
in that ∆T and ln(t) are linearly related with a slope m=
n
q
πλ4 . Linearly regressing ∆T  
on ln(t) yields a slope that, after rearranging, gives the thermal conductivity as 
 
            
m
q
n πλ 4≅                                  (2.19) 
where q is known from the power supplied to the heater. The diffusivity can also be 
found from Eq. (2.18). The intersection of the regression line with the axis (∆T=0) 
gives: 
 
            )}
4
ln({)ln(
2
0 αγ
r
t +=                          (2.20) 
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From the calculated to (from the intercept of ∆T vs. ln(t) )and finite r, Eq.(2.20) gives  
the diffusivity. Because the higher order terms of Eq. (2.17) have been neglected, Eq. 
(2.18) is not exact. 
 
 
2.5 Pore Water Movement in Soil 
 
Pore water is the water filling the spaces between grains of sediments. In 
oceanography and limnology, pore water refers to water which fills the interstitial 
space between sediment grains in sedimentary deposits. Pore water may be displaced 
due to the activities of benthic fauna such as bioturbation and bioirrigation, or by 
physical processes such as compaction. In general the flow of pore water in the soil is 
driven by hydraulic potential gradient that it occurs in the direction of decreasing 
hydraulic potential, and that its rate is proportional to the potential gradient. Moreover, 
the rate of movement is affected by the geometric properties of the pore channels  
through which water moves. These principles apply in unsaturated and saturated soils 
(Hillel, 2004). 
 
Apart from the gravitational force which is completely independent of soil wetness, the 
primary moving force in a saturated soil is the gradient of a positive pressure potential. 
On the otherhand, water in an unsaturated soil is subject to a sub atmospheric pressure, 
or matric suction, which is equivalent to a negative pressure potential. The gradient of 
this potential likewise constitutes a moving force.The pore water pressure (u) is the 
pressure of the water on that plane in the soil. 
 
 
2.6 Previous Study about the Thermal Properties of Soil 
 
Not much study had been carried out before for the temperature profile and the thermal 
properties in the tidal flat mud in the world. In agricultural purpose, some researches  
has been carried out for determining the soil thermal properties.  
Some studies had been carried out for the evaluation of the thermal properties of the 
soil in the agricultural field as it is important for the management of the soil 
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temperature regime to affect seed germination and crop growth. 
Hamdeh, (1997) has shown the effects of soil density and the water content on the 
thermal properties in agricultural field in Jordan. He discussed through laboratory test 
effect of water content and bulk density on the specific heat, volumetric heat capacity, 
and thermal diffusivity of some sieved and repacked soils. He has found that specific 
heat increased with increased moisture content for both the sand and the clay. Also 
volumetric heat capacity increased with increased moisture content and soil density. 
Clay soil generally had higher specific heat and volumetric heat capacity than sandy 
soil for the same moisture content and soil density.    
Reeder and Naida H. Abu-Hamedeh (2000) have shown the effects of salt 
concentration and the organic matter on the thermal conductivity in the agricultural 
field. He has found that the thermal conductivity was decreased with increasing the 
organic content. 
Nassar (2006) did the test to evaluate the underground soil thermal storage properties 
in Libya. He has done some experiments and found that the underground thermal 
capacity can be used as a source of heating and cooling of buildings leading to reduce 
the energy consumption in this application. 
Ekwue,E, Stone,R.J and Bhagwat D (2006) has studied the thermal conductivity of 
some compacted Trinidadian Soils as affected by peat content in Trinidad. He has  
shown that the effect of peat incorporation in decreasing soil thermal conductivity and 
the thermal diffusivity is diminished at low soil moisture and bulk density. Thermal 
conductivity and diffusivity were significantly and linearly related to each other. 
De Vries (1952 and 1963) described about the soil thermal properties in his famous 
book. 
Naidu and Singh (2004) has developed a new method for determining the soil 
resistivity. 
Ochsner T E., Horton R.,Ren T ( 2001) has written about the soil thermal properties. 
Yadav M R and Saxena G S. (1973) has discussed about the effects of compaction and 
moisture content on specific heat and thermal capacity of soils. He is emphasized on 
the agricultural field in where the thermal regime is very much important for the seed 
germination and the plant grown up.  
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2.7 Summary 
In this chapter the literature survey are conducted. As there are researches have been 
carried out in the agricultural field, the references are cited here. The basic terms  
related to thermal properties are also discussed in this chapter. 
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                                         STUDY AREAS 
 
 
 
  
3.1 General 
 
In this study, the Ariake Sea which is situated in the Kyushu Island in Japan is taken as a 
study area. Today, Japan’s archipelago covers 145,882 square miles (377,835 sq.km) 
inhabited by 127.4 millions of people; thus one of the highest population densities of the 
world, 873 persons per square mile, higher than the same value in India, for example. 
So, the problem of environmental pollution is particularly acute in Japan, where the 
combination of dense population, a productive economy and a limited landfill spaces 
exacerbate the situation. The ecosystem and aquatic environment for human activities 
including fisheries in semi-enclosed bays as well as coastal areas in Japan such as 
Tokyo bay, Ise Bay, the Seto Island Sea and Ariake Sea have become degraded in recent 
years. 
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3.2 The Ariake Sea 
 
The Ariake Sea, which is located in the Kyushu region of Japan, is one of the 
well-known semi-closed seas in Japan. The total area of the Ariake Sea is 1700 sq. km. 
The average depth of the Ariake Sea is 20 m. So it is one of the famous shallow seas in 
Japan. In this research, the Ariake Sea is taken as the study area.   
The main feature of the Ariake Sea is the vast tidal flat. The total tidal flat area of this 
sea is about 207 sq. km which is almost 40% of the total tidal flat area of Japan. This 
vast tidal flat which is mainly muddy is very much famous for the various kinds of 
shells and the sea laver cultivations. The sea laver (Porphyra sp.) is the product which is 
cultivated much in the Ariake sea. The sea laver is called “Nori” in Japanese which is a 
favorite food in Japan and the Korea. Many traditional Japanese foods are using the Sea 
laver from the past. Another major feature is the tidal height of the Ariake sea. The tidal 
height at the flood tide is about 3 m in the bay mouth area, and it becomes higher in the 
bay head area with the tidal height of 4.5-6.0 m. Many rivers flow into the eastern coast 
area and carry about 440,000 tons of sediment per year (Azad et al. 2005). Kato and 
Seguchi (2001) conducted tests and showed that coarse sediments accumulate in the 
eastern coast, and fine grains brought by the residual current accumulate in the bay head 
to form vast tidal flats with fine sediments. Cyranoski, 2001; Zhang et al., (2004), 
mentioned that environmental issues related to the Ariake Sea have been a topic of 
increasing interest recently and analysis of characteristics of tidal flats is of great 
interest to the regional population. The Ariake sea locate northern Kyushu, which is 
inner bay surrounded by Kumamoto, Fukuoka, Saga and Nagasaki. The seawater 
capacity is about 34 billion ton. The sea extend north-south, the northern part is 
surrounded by land, only southern part open onto the ocean, which is enclosed inner bay. 
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Tidal variation which reaches up to 6 m is biggest in Japan. For this tidal variation, most 
of mud which formed tidal flat is argillaceous, which grain size is small, and hoisting 
phenomenon can be seen.  Therefore seawater in a coastal region is muddy water and 
includes many floating mud. Chikugo River, Rokkaku River and Yabe River flow into 
this coastal region, an ebb area in the river is muddy water including many floating mud.  
Almost seawater in the Ariake Sea is not replaced with the ocean seawater; it’s diluted 
with inflow river water at the north area. The density of chloride ion in that area is lower 
than ocean's one by about 20 percent. Because area of upland surrounded the Ariake sea 
is formed by a young active volcano, volcanic ash and clay mineral and suspended fine 
sediment which flow through the river from volcanic land adsorb exchangeable cation 
such as natrium in seawater, fluff-ization will be caused and it formed floating mud. 
Fine sediment settles and cumulates at the area where a flow delays, tidal flat of the 
aggregate structure is formed. At the around the river, gravel coast or silty-sand tidal flat 
or silty-sand sediment will be formed by settling and accumulating with fine sand and 
gritty particle. A lot of benthos inhabit in that mud. Ariake sea is very important area 
where Agemaki shell and Tairagi shell and clam are caught and sea laver is cultivated 
extensively. But a serious problem such as decrease of the benthos, a marked decrease 
of the catch and color fade of sea laver has occurred in recent years. Various factors can 
be adduced as these causes. In particular, deterioration of the mud such as sludge-ization, 
grain refining and occurrence of hydrogen sulfide odor in the tidal flat is pointed out, 
and a benthos is in the situation which it's difficult to live in there.  
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Figure 3.1 Map of the Ariake Sea indicating the two study (tidalflat) areas and 
different types of sea laver cultivation area 
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Figure 3.5 A view of Higashiyoka tidal flat area in the Ariake sea 
Figure 3.4 A view of the Iida tidal flat area in the Ariake sea 
 
Iida Tidal Flat Nov.2002
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Two tidal flat areas in the Ariake Sea, Iida and Higashiyoka were selected as the study 
areas. Figure 3.1 shows the locations of the two sites along with the different types of 
Porphyra sp. cultivation areas. The tidal currents sweep into the sea and move 
northwards along the eastern shoreline and create a counterclockwise water movement. 
This would deposit the coarser suspended particles delivered by rivers on the east and 
south while the finer sediments  are deposited in the north and west side towards the 
inland end or bay head, where sedimentation would occur which was discussed by 
Ohtsubo et al., (1995). 
Azad et al., (2005) indicated that sediments in the Ariake Sea tidal flats are medium 
sand to silty mud. Due to the previously stated counterclockwise seawater current the 
coarser medium sand, which accounts for 71% of the total tidal flats, is located mainly 
in the east and south coast areas and meanwhile the finer silty mud is mainly deposited 
in the north and west coast areas at the bay head. Before selecting the study areas, field 
investigations were undertaken. Higashiyoka (33.18ºN, 130.26º E), located in the bay 
head was chosen as a study area which is near to Chikugo river (the biggest river in 
Kyushu island), Okinohota river as well as other rivers and thought to be affected by the 
river waters.  Another study area was Iida (33.57º N, 130.40º E), which seems to be the 
most affected by the acid treatment practice. The mud samples at the Iida site gave out a 
strong unpleasant odor due to the gas-phased hydrogen-sulphide (H2S), whereas the 
mud samples of Higashiyoka site did not have such odor (Hayashi and Du, 
2005,Ushihara et al. 2002).  
The Ariake sea, which is one of the famous enclosed shallow sea in the world is also 
famous for the various kinds of shells which are inhabitating in the muddy sediments. 
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3.3 Some Details of the Ariake Sea 
 
The Ariake Sea is a famous enclosed shallow sea in Japan. It has a vast basin area of 
about 8075 sq.km. with 108 no. of inflow rivers. The quantity of annually inflow water 
is about 7.3 billion m3.The geographic feature and geology is Young volcanic 
mountainous. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Map of the Ariake Sea 
 
The special creatures of the Ariake sea are Jackknife shell, Pen Shell, mud crab, mud 
skipper and so on. The Ariake sea is also famous for its sea laver cultivation. The Ariake 
sea produces 40% of the total sea laver in Japan. But it is famous for its specific color 
and good taste. The ebb tide and high tide difference is 6 m which is another specific 
feature of the Ariake sea. This difference of the tide makes suitable for the sea laver 
cultivation in the Ariake sea. 
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3.4 Basic Physico-Chemical Properties of the Tidal Mud Samples 
 
The typical values of basic physicochemical properties of the Iida and Higashiyoka tidal 
mud are tabulated in the Table 3.1.The mud samples were collected from the 0-0.2 m in 
the Ariake tidal mud.  
 
Table 3.1 Basic Physico-chemical properties of the tidal flat mud 
Physico-chemical parameters Iida tidal mud Higashiyoka tidal mud 
Density (g/cm3 ) 2.69 2.71 
Water content (%) 235 168 
Liquid limit wL (%) 150 130 
Plasticity Index Ip 87 73 
Ignition Loss (%)* 13.3 11.9 
pH 7.92 8.03 
ORP (mV) -95.4 -40.7 
AVS (mg/g-dry mud) 0.42 0.16 
Salinity (mg/L) 16 17 
Dominant clay mineral Kaolinitic Kaolinitic 
Sediment volume in distilled water vd 0.021 0.022 
Sediment volume in kerosene v k 0.024 0.024 
Free swell ratio vd/ vk **  0.88 0.92 
Grain size analysis (%) 
Sand 
Silt 
Clay 
 
7 
30 
63 
 
9 
36 
55 
* Measured at temperature of 7500 C, according to the standard test method of 
Japanese Geotechnical Society (JGS 0221) 
** Measured according the free swell test suggested by Prakash and Shridharan (2004). 
Soil mass was 10 g (oven-dried). 
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The sampling campaign was carried out at Iida and Higashiyoka from April 2002 to 
date. It is seen from the table that there are some difference between the two study 
areas. The water content is much higher in Iida site than the Higashiyoka site. The clay 
content is also higher in the Iida site than the Higashiyoka site. The sulphide content is 
also higher in the Iida site than in Higashiyoka site. 
 
Table 3.2 Basic Physico-chemical properties of the Ariake Seawater 
Parameter Value 
Density (g/cm3) 1 
pH 7.6 
Cation concentrations (g/L)  
Na+ 25.1 
K+ 0.9 
Ca+ 1.1 
Mg+ 2.5 
Anion concentrations (g/L)  
Cl- 35.8 
SO4- 3.3 
PO4- ND 
Note: ND-not detected 
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3.5 Scanning Electron Microscope (SEM) Study of the Tidal Mud 
 
The Scanning Electron Microscope (SEM) study was carried out of the Iida and 
Higashiyoka tidal mud.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7 Scanning electron microscope picture of Iida Tidal mud 
Figure 3.8 Scanning electron microscope picture of Higashiyoka Tidal 
mud 
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The Scanning Electron Microscope which was used for the study is Model:  
JEOL, JSM- 5800 LV. 
The mud samples were freeze dried by using liquid Nitrogen before doing the SEM 
study in the laboratory. 
Figure 3.4 and 3.5 show the picture of the two study areas in the tidal flat area of the 
Ariake sea, Iida and Higashiyoka. From those view of the study areas it is seen that 
there is some differences between the physical properties of the two study sites. Table 
3.2 gives a clear idea about the physicochemical properties of those two study sites. 
Water content and acid volatile sulphide are higher value in Iida site than the 
Higashiyoka. Again the clay content is higher in Iida site than the Higashiyoka site. 
Table 3.1 gives an idea about the sea water of the Ariake Sea. Figure 3.6 and 3.7 
illustrates the scanning electron microscope (SEM) picture of the two tidal flat mud. 
Higashiyoka tidal mud shows some diatom in the particle structure. On the other hand 
SEM study the Iida mud shows not so much diatom. 
 
3.6 Geoenvironmental Condition of the Ariake Sea 
 
The geoenvironmental condition of the Ariake Sea has become unfavorable for the 
benthos living in the tidal flat. From Figure 3.8, it is seen that Sinonovacula constricta 
(Jackknife Shell) has become nil in the tidal flat from the last 3 decades. The probable 
reason for this type of benthos declination is still arguable. As shown in figure 3.8, the 
decline of the shell populations coincided with the acid treatment practice by the sea 
laver cultivators. Every year, 3000 ton acid is dumped into the Ariake sea which may 
have caused damages to the geoenvironmental condition of the Ariake sea. Figure 3.9 
shows the variation of AVS at 10 cm depth at the uppermost Iida and Higashiyoka sites. 
Study areas                                                               Chapter 3 
 34 
It is demonstrated that the AVS is always higher than the safe limit for the  
benthos living in the tidal mud. 
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3.7 Summary 
 
In this chapter, a general view of the study area has been given. The location and the 
physicochemical properties of the study areas are described in this chapter with some 
basic feature of the Ariake sea. 
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Chapter 4 
 
 
NATURAL REMEDIATION EFFICIENCY 
OF THE ARIAKE TIDAL FLAT MUD  
 
 
4.1 General 
 
The vast tidal flat mud of the Ariake Sea has been contaminated due to acid treatment 
practice for the Porphyra sp . cultivation (Hayashi and Du, 2005, Moqsud et al. 2006). 
Field monitoring tests show that there is an upward seepage of sea water in the tidal 
flat muds during the ebb tide. This generated upward seepage is thought to have 
natural remediation effect on the acid contaminated Ariake tidal mud. To justify this 
assumption, laboratory column tests were performed with Ariake mud sampled from 
Iida and Higashiyoka sites. For each soil, two cases were considered with hydraulic 
gradient of 1 and 5. The Ariake sea water was then introduced to the top of the soils 
and was maintained a constant hydraulic gradient on the surface of the soil. The 
geoenvironmental properties of the mud were measured by taking out mud samples 
from several predetermined depths of the columns. The results reveal that the natural 
remediation (in terms of AVS) of the acid contaminated Ariake tidal mud is enhanced 
(above 90%) when hydraulic gradient increases in the samples collected both from the 
two sites. The remediation efficiency of the contaminated mud is higher in the upper 
layer (0 – 0.05 m) of the column than that in the lower layer. By comparing the two 
mud samples, it is found that Higashiyoka mud is good for natural remediation due to 
its gradation and high permeability.  
The Ariake Sea, which is located in Kyushu Island, is one of the best-known 
semi-closed shallow seas in Japan. Many rivers flow into the eastern coast area of the 
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Ariake Sea and carry 4.4 x 108 kg of sediments per year (Azad et al. 2005). Coarse 
sediments accumulate in the eastern coast, and fine grains brought by the residual 
current accumulate in the bay head to form vast tidal flats with fine sediments (Kato 
and Seguchi 2001).   
 
The vast tidal flat mud of the Ariake Sea, which is almost 40% of the total tidal flat  
area of Japan, is famous for its rich fishery products and Porphyra sp . (sea weed) 
cultivation. Different types of shells like Sinonovacula constricta, Atrina pectinata and 
Crassostrea gigas are important creatures in the Ariake tidal mud. However, a 
dramatic decrease in the catch of these shells is observed in the tidal flat mud area. For 
example, the catch of Crassostrea gigas usually living in the near surface mud, 
dropped from 7.99 x 105 kg in 1976 to only 1.26 x 105 kg in 1999; that of Atrina 
pectinata, living in the upper 0.10-0.15 m of the mud, declined from 1.3395 x 107 kg in 
1976 to 7.9 x 104 kg in 1999, and the situation in the case of Sinonovacula constricta,  
living in the depth of 0-0.7 m of the mud, was even worse: 1.7 x 105 kg catch in 1976 
dropped to practically nil by 1992. The acid treatment practice for Porphyra sp . 
cultivation is one of the major causes for this declination of the shells as this practice 
has made the geoenvironmental condition of the Ariake tidal mud unfavorable for the 
local inhabitants of the tidal mud (Moqsud et al. 2006). Field monitoring tests show 
that there is upward seepage of sea water in the tidal flat muds during the ebb tide 
(Figure 4.1 and 4.2). This naturally generated upward seepage is thought to have 
remediation effect on the acid contaminated Ariake tidal mud. To justify this 
assumption, laboratory tests were performed with the Ariake mud sampled from Iida 
and Higashiyoka sites. For each soil, two cases were considered with hydraulic 
gradient 1 and 5. The purpose of this study is therefore to investigate the natural 
remediation efficiency of the acid contaminated Ariake tidal mud in a laboratory 
column test. The remediation efficiency was calculated by comparing the initial and 
the final value of the sulphide content of the mud samples in the column. 
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Figure 4.2 Pore water pressure vs duration in different depths in Iida tidal 
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Figure 4.1 Pore water pressure sensor setup in different depths in Iida 
tidal flat 
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Figure 4.3 Calculated total head in the Iida tidal mud based on the measurements of 
pore water pressure data 
 
The downward and upward seawater seepage may be induced by possible mechanism 
of tidal flow induced seepage in the tidal mud, as shown in Fig. 4.3; the aspect has 
been proved by the field test in the Iida tidal area (see Fig. 4.3) and by the laboratory 
test. The reason for the different corresponding time for arriving at the peak total head 
is thought due to the presence of the gas (including oxygen, methane, hydrogen sulfide 
and carbon oxide etc.) in the pore fluid of the Ariake Sea tidal mud, which usually has  
a concentration of about 3-5% (by volume). Due to the presence of the free gas bubble 
in the pore fluid, the transfer of the flood tide loading to the tidal mud is delayed. As a 
result, the time for arriving at peak pore water pressure at the shallow depth is shorter 
than that at the deeper depth, which resulting in a downward seepage flow of pore 
water liquid. Figure 4.4 and 4.5 show the conceptual image of the pore water 
movement model and the pore water pressure created in the tidal flat area due to the 
tidal effects. 
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Figure 4.4 Image of a pore water movement model in tidal mud 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Conceptual image of pore water pressure in the bottom mud 
(a) Dissipation of the excess pore water pressure
in the bottom mud in ebb tide.
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Figure 4.6 Sketch of the laboratory test setup to observe the time lag in different depths 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Time lag in different depths at Higashiyoka mud sample 
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4.2 Laboratory Test 
 
Materials and Methods 
 
A laboratory column test has been carried out to observe the pore water pressure 
change in the tidal flat area due to tidal effects. The column which is made of acrylic 
has a diameter of 20 cm and height is 150 cm. the column were filled by three types 
of sample such as Iida tidal mud, Higashiyoka tidal mud and another one is Iida and 
foamed waste glass. Each column has three pore water pressure measurement sensors 
at the depth of 0 cm, 60 cm and 116 cm. The sea water which was collected near the 
Rokkaku River had salinity of 25 g/L. The sea water was provided to the column by 
using a compressor which is again connected with a computer program. The data 
logger was used to store all the data which was collected from the pore water pressure 
measurement sensors. The test was conducted by using a computer program which can 
control the total pressure at 30 kpa which is same as the Ariaka Sea field condition. 
The cycle time was set at 12 h which is again same as in the field condition. Figure 4.6  
shows the sketch of the laboratory test setup to observe the time lag in different depths. 
Figure 4.7 shows that the pore water pressure reached at the peak value in different  
time in Higashiyoka tidal mud sample. There is seen some time lag to reach to the peak. 
The mud sample of Iida also shows the same trend in the laboratory. This time lag 
creates some upward and downward movement of the pore water in the tidal mud. This 
upward and downward seepage enhances the entrance of fresh sea water inside the 
mud. 
 
In order to understand the natural remediation efficiency of the acid contaminated tidal 
muds of the Ariake Sea, one-dimensional infiltration tests (column test) were 
conducted in the laboratory. The infiltration tests were thought to simulate the field 
scenario in which the dumped acid in the Ariake Sea infiltrates through the mud and to 
remediate naturally by upward seepage. The column made of acrylic has  a diameter of 
0.2 m and a height of 1.17 m. In the lower part of 0.2 m there were some circular 
openings of diameter 0.01 m and the interval is 0.007 m to collect the samples for 
regular tests. An opening was also placed at the bottom side to collect the infiltrated 
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water. Figure 4.8 shows the detailed schematic diagram of the column. Two different 
types of mud samples collected from Higashiyoka and Iida tidal flat were used in the 
column. For each soil, two cases were considered with hydraulic gradient of 1 and 5. 
Before the test, the muds were mixed (0.2% of the pore water) with acid by using a 
hand mixer of the soil.  Then they were cured for 4 days at the temperature of 25º C. 
The mud samples were then placed into the column up to 0.2 m. The acid used in the 
test was the same acid which was commonly used by the Porphyra sp . cultivators in 
the Ariake Sea of Saga region. The acid used in the Saga Prefecture has the main 
chemical compositions of 18% of DL-Malic Acid (HOOCCHOHCH2COOH), 15% of 
ammonium sulphate ((NH4)2SO4), 14% of sodium-dihydrogen phosphate (NaH2PO4), 
1% of amino acid and 0.6% of coloring matter. The pH of the acid used in the Saga 
Prefecture is about 2.0. The Ariake sea water was then introduced to the top of the 
soils up to 0.9 m of the column. The quantity of infiltrated sea water from the base of 
the soils was measured over time. During the test, to maintain the constant hydraulic 
gradient, a constant water level was maintained on the surface of the mud in the 
column. The mud samples were collected from the circular openings of the column by 
inserting the syringe into the mud. The sulphide content (AVS) of the samples was 
measured following the standard method prescribed by the Japan Fisheries Resource 
Conservation Association 2000. The instrument which is used to measure the sulphide 
content is the GASTEC 201L/H (Wu et al., 2003). Briefly; measuring sulphide content 
consists of placing 0. 0001 kg of mud on a fine porous disk placed in a 1 x 10-5 m3 
glass tube. Then 2 x 10-6 m3 of diluted sulfuric acid (H2SO4) (1x 10
-6 m3of distilled 
water mixed with 1 x 10-6 m3 of 18 N H2SO4) was mixed on the mud sample, and the 
generated H2S gas was collected. The weight of H2S was measured and expressed as 
mass of gas per unit mass of the mud. The pH was measured by using a digital portable 
pH meter (HORIBA D-52). The measuring process consists of inserting the probe of 
the pH meter into the mud with a shallow depth, 0.005 m, and getting the value from 
the display directly. The dissolved oxygen (DO) of the sea water was measured by 
using a portable dissolved oxygen meter (HACH HQ-10) by inserting the DO sensor 
into the sea water 0.01 m up from the surface of the mud of the columns and obtained 
the data in the digital display immediately. The total experiments were carried out for 
one month.  
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4.3 Variation of pH  
 
Figures 4.9 and 4.10 illustrate the variation of pH with duration in different depths of 
the column of the Iida mud sample of two different hydraulic gradients of i=1 and i=5, 
respectively. It can be seen that in both types of hydraulic gradients the value of pH is  
higher in the upper layer than the lower layers. During the initial days, the values of 
pH in different layers were little bit lower. This trend of the pH value is probably due 
to the applied acid to the mud. But after 7 days the pH values increased and at the end 
of 30 days pH values at different depths are above 7.5 which indicate the reduction of 
acidic compounds from the mud with time. Figures 4.11 and 4.12 illustrate the 
variation of pH with duration in different depths of the column of the Higashiyoka 
mud in the hydraulic gradient of i=1 and i=5, respectively. Both Iida and Higashiyoka 
mud samples show the same trend for the pH variation with duration i.e. lower in the 
initial days and gradually higher in the following stages of the tests. However, by 
comparing the Iida and Higashiyoka mud samples, the pH values of Higashiyoka 
samples are higher than Iida samples at the end of the experiment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 5 10 15 20 25 30 
6.5 
7.0 
7.5 
8.0 
8.5 
 1.0cm 
 2.5cm 
 4.0cm 
 9.0cm 
 15.0cm 
  
  
pH 
経過時間 (day) 
0 5 10 15 20 25 30 
6.5 
7.0 
7.5 
8.0 
8.5 
 1.0cm 
 2.5cm 
 4.0cm 
 9.0cm 
 15.0cm 
  
  
pH 
経過時間 (day) 
Figure 4.9 Variation of pH with duration when Iida i=1 
Duration Duration 
Natural remediation                                                    Chapter 4 
 
 46 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 5 10 15 20 25 30 
6.5 
7.0 
7.5 
8.0 
8.5 
 1.0cm 
 2.5cm 
 4.0cm 
 9.0cm 
 15.0cm 
  
 
pH 
経過時間 (day)Duration 
Figure 4.10 Variation of pH with duration when Iida i=5 
  
0 5 10 15 20 25 30 
6.5 
7.0 
7.5 
8.0 
8.5 
 1.0cm 
 2.5cm 
 4.0cm 
 9.0cm 
 15.0cm 
 
 
pH 
経過時間 (day)Duration 
Figure 4.11 Variation of pH with duration when 
Higashiyoka  i=1 
  
 
Natural remediation                                                    Chapter 4 
 
 47 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 5 10 15 20 25 30
6.5 
7.0 
7.5 
8.0 
8.5 
 1.0cm 
 2.5cm 
 4.0cm 
 9.0cm 
 15.0cm 
  
  
pH 
経過時間 (day) Duration 
 
Figure 4.12 Variation of pH with duration when  Higashiyoka  i=5 
 
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
Duration (day)
Iida i=1
0 5 10 15 20 25 30
0.0
0.5
1.0
1.5
2.0
2.5
0.01 m
0.025 m
0.04 m
0.09 m
0.15 m
0. 1 m
0.025 m
0.04  m
0.09  m
0.15  m
A
V
S
Figure 4.13 Variation of AVS with duration when Iida i=1
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
Natural remediation                                                    Chapter 4 
 
 48 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.0cm
2.5cm
4.0cm
9.0cm
15.0cm
Duration (day)
Iida i=5
0 5 10 15 20 25 30
0.0
0.5
1.0
1.5
2.0
2.5
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
0.01 m
0.025 m
0.04 m
0.09 m
0.15 
0. 10 m
0. 25 m
0.04  m
0.09  m
0.   m
Figure 4.14 Variation of AVS with duration when Iida i=5
A
V
S
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
A
V
S
0 5 10 15 20 25 30
0.0
0.5
1.0
1.5
2.0
2.5
1.0 cm
2.5 cm
4.0 cm
9.0 cm
15.0 cm
Duration (day)
Higashiyoka 
i=1
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
Figure 4.15 Variation of AVS with duration when Higashiyoka i=1
A
V
S
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
A
V
S
Natural remediation                                                    Chapter 4 
 
 49 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0 5 10 15 20 25 30
0.0
0.5
1.0
1.5
2.0
2.5
1.0cm
2.5cm
4.0cm
9.0cm
15.0cm
Durat io n (day)
Higashiyoka i=5
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
0.01 m
0.025 m
0.04 
0.09 
0.15 m
0. 10 m
0. 25 m
0.04  m
0.09  m
0.15  m
Figure 4.16 Variation of AVS with duration when Higashiyoka i=5
A
VS
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
SC
 (x
 1
0 
-3
kg
/k
g 
dr
y-
m
ud
)
A
VS
16
14
12
10
8
6
4
2
0
-100 -80 -60 -40 -20 0 20 40 60 80 100
Efficiency (%)
after1day
after 5 day
after 10 day
after 15 day
after 20 day
after 30 day
D
ep
th
 (x
 1
0-
2 
m
) Iida i=1
Figure 4.17 Variation of remedial efficiency with depth when Iida i=1
D
ep
th
 (x
 1
0-
2 
m
)
D
ep
th
 (x
 1
0-
2 
m
)
D
ep
th
 (x
 1
0-
2 
m
)
D
ep
th
 (x
 1
0-
2 
m
)
Natural remediation                                                    Chapter 4 
 
 50 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
16
14
12
10
8
6
4
2
0
-100 -80 -60 -40 -20 0 20 40 60 80 100
Efficiency (%)
after 1 day
after 5 day
after 10 day
after 15 day
after 20 day
after 30 day
Iida i=5
D
ep
th
 (x
 1
0-
2
m
)
Figure 4.18 Variation of remedial efficiency with depth when Iida i=5
D
ep
th
 (x
 1
0-
2
m
)
D
ep
th
 (x
 1
0-
2
m
)
D
ep
th
 (x
 1
0-
2
m
)
-100
16
14
12
10
8
6
4
2
0
-80 -60 -40 -20 0 20 40 60 80 100
Effic iency (%)
after 1 day
after 5 day
after 10 day
after 15 day
aft er 20 day
aft er 30 day
Higashiyoka i=1
D
ep
th
 (x
 1
0-
2
m
)
Figure 4.19 Variation of remedial efficiency with depth when Higashiyoka i=1
D
ep
th
 (x
 1
0-
2
m
)
D
ep
th
 (x
 1
0-
2
m
)
Natural remediation                                                    Chapter 4 
 
 51 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
16
14
12
10
8
6
4
2
0
-100 -80 -60 -40 -20 0 20 40 60 80 100
Efficiency (%)
after 1 day
after    5 day
after 10 day
after 15 day
after 20 day
after 30 day
D
ep
th
 (x
 1
0-
2 
m
)
Higashiyoka i=5
Figure 4.20 Variation of remedial efficiency with depth when 
Higashiyoka i=5
D
ep
th
 (x
 1
0-
2 
m
)
D
ep
th
 (x
 1
0-
2 
m
)
D
ep
th
 (x
 1
0-
2 
m
)
0 5 10 15 20 25 30
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
Iida i=1
Iida i=5
Higashiyoka i=1
Higashiyoka i=5
DO
 (k
g/
m
3 )
Duration (day)
Figure 4.21 Variation of dissolved oxygen with duration
DO
 (k
g/
m
3 )
DO
 (k
g/
m
3 )
Natural remediation                                                    Chapter 4 
 
 52 
 
4.4 Variation of Acid Volatile Sulphide (AVS) Content  
 
Figures 4.13 and 4.14 show the variation of acid volatile sulphide (AVS) content with 
duration in different depths of the column with Iida mud sample having the hydraulic 
gradients of 1 and 5, respectively.  
It is demonstrated that at 0.01 m depth, the AVS content is lower than at deeper 
layer. As fresh sea water was introduced regularly in the column, the dissolved oxygen 
supply was more in the upper layers and consequently the AVS content was also lower 
in the 0.01 m throughout the experiments. Figure 4.15 and Figure 4.16 show that the 
variation of AVS with duration in different depths of the column with Higashiyoka 
mud. Both the figures illustrate that the AVS was gradually reduced with time. The 
same trend also prevailed for the Iida mud. Again, when the hydraulic gradient was  
higher (i=5) the AVS was reduced more than the corresponding hydraulic gradient  
(i=1).  
 
 
4.5 Remedial Efficiency 
 
Figures 4.17 and 4.18 illustrate that the remediation efficiency of the Iida mud with 
depth during the period of the experiment. Figure 4.19 and Figure 4.20 also illustrate 
that the remediation efficiency of the Higashiyoka mud with depth during the period of 
the experiment. From these figures, it is seen that when the hydraulic gradient was 
higher (i=5) the naturally remediation efficiency was also higher.  
 
By comparing the two samples, it is seen that the remediation efficiency was higher in 
the Higashiyoka mud sample. This is probably due to the gradation of the mud. The 
remediation efficiency was higher in the upper layer than in the lower layer both in the 
Iida and Higashiyoka mud samples. The formula used for calculating the remediation 
efficiency is as the following: 
Remedial Efficiency 
            R.E (%) = 100||
0
0 x
AVS
AVSAVS
t
ttt
=
== −                 (4.1) 
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4.6 Variation of Dissolved Oxygen  
 
Figure 4.21 shows that the variation of the dissolved oxygen with duration of the Iida 
and Higashiyoka mud samples both for the hydraulic gradient 1 and 5. It is seen that 
both in the two hydraulic gradients, the dissolved oxygen concentration was high for 
the Higashiyoka mud sample. When the hydraulic gradient was high (i=5) in the 
Higashiyoka mud sample the concentration of the dissolved oxygen was also high. 
This was due to the supply of fresh sea water to maintain the constant hydraulic 
gradient everyday. The infiltration rate for Higashiyoka mud was higher than the Iida 
mud sample. So, the supply of fresh sea water was also higher in the Higashiyoka mud 
sample than the Iida mud samples. The fresh water supplied was maintained to 
simulate the field condition where the fresh water comes into during the high tide.  
 
 
4.7 Natural Remediation of the Tidal Flat Mud Influenced by the Temperature 
 
The natural remedial efficiency of the tidal flat mud is also governed by the diurnal 
and seasonal temperature. Due to the temperature difference in the tidal flat mud 
during summer and winter, an upward and downward pore water movement can occur 
in the tidal flat mud. The detail of that is discussed in later in chapter 7.  
 
 
4.8 Summary 
 
In this chapter the natural remediation efficiency of the tidal flat mud is discussed and 
modeled in a laboratory test study. The pH values increased gradually (about 6.8 to 
7.8) with duration of the test which signifies the removal of the acidic compounds from 
the mud with time. The natural remediation of the acid contaminated Ariake tidal mud 
is enhanced (above 90%) when hydraulic gradient increases both in the Iida and 
Higashiyoka mud samples. Due to the presence of the high concentration of dissolved 
oxygen in the upper layer, the remediation efficiency is higher in that portion of the 
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column. By comparing the two mud samples it is found that Higashiyoka mud is good 
for natural remediation due to its gradation and high permeability.  
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        ASSESSMENT OF TEMPERATURE PROFILE 
IN TIDAL FLAT IN THE ARIAKE SEA 
 
 
 
 
5.1 General 
 
Thermal environment is one of the important parts of the geoenvironmental 
condition. Various activities of microorganisms largely depend on temperature and 
thermal environmental condition. During the period of the cultivation (December- 
March), the acid (which is mainly organic) is  used as the disinfectant acid to treat the 
Porphyra sp. cultivated in the sea. This organic acid provides ample of foods for the 
sulphate reducing bacteria living in the tidal flat mud and consequently increase the 
sulphide content in the mud. The generation of sulphide is influenced by the seasonal 
temperature and shows a higher value during the summer and the late spring as 
bacteria becomes more active in the higher temperature (Holmer and Storkholm, 
2001). Moreover, the activities of the benthos depend strongly on the temperature and 
thermal environment near the sediment surface (Guarini et al. 1997). Photosynthetic 
capacity of micro phytobenthos on an intertidal flat was also strongly influenced by 
mud surface temperature (Blanchard et al.1997).So it is very important to investigate 
the thermal environment and temperature profile in the tidal flat. But as a matter of 
fact that, no study had been carried out before to get the information about the 
thermal properties or the temperature profile in the shallow sea like Ariake sea tidal 
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mud. So the objective of this study is to get the information of the temperature 
distribution in different depths and find a diurnal and seasonal profile of it in the tidal 
flat region, and finally propose a correlation with respect to depth for the temperature 
distribution in different seasons which can be used for the ocean thermal energy 
conversion research as well as for the regular monitoring of the geoenvironmental 
conditions of the contaminated tidal flat mud. 
 
 
5.2 Field Observations for Diurnal Temperature Variation 
 
The vast tidal flat area of the Ariake Sea, which is 40 % of the total tidal area of Japan, 
is mainly muddy with high water content. The percentage of clay content is much 
higher than the sand or silt. To evaluate the temperature variation in different depths of 
the tidal mud, 5 nos. of thermocouples were installed at 0.10 m, 0.20 m, 0.50 m, 1.0 m 
and 2.0 m depth which were connected with data logger to store the continuous hourly 
data of the temperature at Higashiyoka tidal flat mud (Figure 5.1-5.4). The sensors 
were placed about 20 m away from the shore line. The data loggers were kept in a 
watertight box and put in a small ship which was tied with some anchor and moved 
upward and downward during the high tide and ebb tide, respectively. Every day the 
automatically stored data was collected from the data logger in the ship by using 
memory stick. This field investigation was carried out from 1st April, 2006 to 8th April, 
2006 at Higashiyoka tidal flat.  
 
 
Description of the Thermocouples 
 
The thermocouples were made by Tokyo Sokki Kenkyojo Co., Ltd. And the model no. 
of the thermocouples is N 004853. The thermocouples are connected with the data 
logger (TDS- 530). 
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Figure 5.1 Picture of thermocouple for measuring the temperature       
in different depths at the tidal flat 
    Figure 5.2 Installation of thermocouples in the tidal flat area  
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Figure 5.3 After installation of the thermocouples, data loggers are kept  
in a ship 
Figure 5.4 The stored data are collected by the memory disk once a      
day 
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5.3 Field Observation for Seasonal Temperature Variation 
 
For seasonal temperature variation measurement, every month in the last week, the 
data were collected from both Iida and Higashiyoka tidal flat, 20 m away from the 
shore line during the ebb tide. By inserting the thermocouple (3 m long and 0.96 cm 
diameter) vertically into the tidal flat upto 3.0 m depth and at each 0.10 m interval the 
data was measured. The thermocouple was connected with a battery and a digital 
display. The temperature data was displayed directly in degree celcius. Field 
investigation for collecting data was carried out from October 2005 to November 2006 
to observe the seasonal variation of temperature in the tidal mud. Figure 5.5 and Figure 
5.6 shows some view of the measurement of temperature in the tidal flat area. Figure 
5.7 shows the view of field observation of the temperature by using the thermocouple 
which is connected by a digital display and a battery. 
 
The thermocouples for measuring the temperature in different depths are made of 
Tokyo Sokki co.  Model no.:N004853. The total length of the thermocouple is 300 
cm and a diameter of 0.96 cm. 
 
１８．０
battery
sensor
display
 
 
 
 
Figure 5.5 Sketch of the field observation of the temperature by using 
thermocouple 
Temperature profile in tidal flat                                             Chapter 5 
 
 60 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 Measuring temperature in the tidal flat 
Figure 5.7 Thermocouple is connected with a battery and a digital display 
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5.4 Diurnal Variation of Temperature in the Tidal Flat 
 
Figure 5.8 shows the variation of the tidal mud temperature at different depths from 1st 
April, 2006 to 8th April; 2006. It is seen that at 0.10 m and 0.20 m depth, the 
fluctuation of temperature is evident. However, from 0.50 m to 2.0 m depth, the 
diurnal variation was not so varied. In the subsurface region, the solar radiation 
affected the surface temperature more than the deeper part of the tidal mud. This type 
of diurnal profile of the temperature also agrees with the findings in Baeksu tidal flat in 
Korea (Yan-ki et al. 2005). At 2.0 m depth, the temperature shows higher value than 
1.0 m depth. This is probably due to the volumetric heat capacity of the tidal mud and 
the time lag for absorbing and releasing the heat during the summer and the winter 
(Anandkumar et al. 2001). The peak temperature reached at different time at different 
depths. During the ebb tide, the time lag to reach the peak at different depths is more 
than the high tide due to infiltration of sea water in the deeper depth (Figure 5.9). 
 
Figure 5.10 shows one day (24h) variation of tidal flat mud temperature influencing by 
the solar radiation. It is indicated that at 0.1 m depth, the peak value reached when the 
solar radiation was also peak. At night, the temperature did not show any variation 
both in the ebb tide and the high tide time. This proves that the tidal mud temperature 
is only influenced by the solar radiation in the uppermost region. The tidal mud 
temperature at subsequent depths reaches the peak at different times, with the time lag 
increasing with depth. The peak temperature reached about 2:00 PM and the value was  
about 17 0 C at 0.10 m. The temperature at 0.50 m, 1.0 m and 2.0 m remained almost 
constant around 12-13 0 C. It is concluded from this figure that time lag increased with 
increasing depth but the rate of increase decreased with the increasing depth. The 
thermal properties of the tidal flat mud govern this type of phenomenon. 
  
Figure 5.11 shows that the seasonal variation of temperature at different depths at 
Higashiyoka mud. During the spring and summer the surface temperature shows a 
higher value than the subsequent depths. During this time, heat was absorbed by the 
tidal mud and heat was transferred from the surface to the deeper part of the tidal mud. 
On the other hand, during the winter and autumn the surface temperature was lower 
than the subsequent depths.  
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Figure 5.8 Variation of diurnal temperature with depth in the Higashiyoka   
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Figure 5.9 Time lag variation of diurnal temperature with depth in the   
Higashiyoka tidal flat  
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Figure 5.10 Effects of solar radiation on the soil temperature in different depths 
Figure 5.11 Seasonal variation of temperature with depth at Higashiyoka tidal flat 
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During this time heat is released to the surface. During April, the variation was not so 
prominent. It showed almost straight line. Iida site also showed the same trend as with 
Higashiyoka site during the summer and the winter. 
 
To get a view of the temperature profile inside the tidal flat mud a correlation is  
proposed. The proposed correlation is an expo-linear equation. By using the average 
temperature of atmosphere one can find the temperature at different depths inside the 
tidal flat area. 
 
Td = {0.49e 
(-d/dw *0.037) + 0.131d/dW + 1.11} T avg 
 
where, Td = Temperature at any depth 
T avg = Average ambient temperature of that month 
d   = at any depth 
dw  = Highest Flood Level 
 
0.01 0.1 1
0.1
1
10
100
+ 30%
-30%
T m
/T
t
d/d
w
 Sep
 Oct
 Nov
 Dec
 Feb
 Mar
 Apr
 May
 June
 
 
 
 
    Figure 5.12 Error analysis for the proposed correlation in different depth 
Temperature profile in tidal flat                                             Chapter 5 
 
 65 
 
 
Figure 5.13 Profile of temperature in different depths in different seasons in a 
tidal flat 
Figure 5.14 Tidal mud temperature Expansion and Contraction tendency  
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The average atmospheric temperature is provided by the local weather office for a 
particular month in a particular area. The highest flood level is  also collected from the 
local authorities. As the heat transfer mode is affected by the water temperature also so 
the depth of water is incorporated with this correlation. This correlation has given an 
idea to get the temperature at different depths at different seasons. It will be a useful 
tool to predict the tidal flat mud temperature in different depths. 
 
Figure 5.12 shows the relation between the ratio of measured and the theoretical 
temperature and depths. It is seen that almost 90 % data are in the acceptable range. 
However, below 1.0m depth it shows more deflection than subsurface region. This is  
due to the fact that in that region the thermal properties of the soil affected the soil 
temperature. More specifically, volumetric heat capacity has affected this portion. 
 
Figure 5.13 has illustrated the profile of temperature in different depths in different 
seasons in the tidal flat. During summer and the spring shows the different trend than 
the winter and the autumn. During summer and spring, the near surface temperature 
has shown the higher value than the lower depth. In that time heat is transferred from 
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the upper region to the lower region. On the contrary, during winter and autumn, 
opposite phenomenon has occurred. 
Figure 5.14 illustrates that due to seasonal variation of temperature, the subsurface 
tidal flat mud shows some expansion and contraction phenomena. For this type of 
expansion and contraction phenomena, the tidal mud may be affected by the acid 
treatment practice of the sea laver in the Ariaka sea. During winter, the acid treatment 
practice is conducted by the sea laver farmers. The sea laver treatment agent has a 
higher density than the sea water. For this reason, it will sink and reach on the sea bed. 
Due to the temperature is low at that time; a contraction of tidal mud will cause 
entrance of sea laver treatment agent inside the tidal mud. This agent contains  
phosphorus which provides ample of foods to the sulphate reducing bacteria. Again, 
during spring the atmospheric temperature rises and becomes suitable for the sulphate 
reducing bacteria. This favorable condition helps the bacteria to produce much of 
sulphide agents.  
 
Figure 5.15 shows that the acid volatile sulphide (AVS) content in different depths in 
different months both in Iida and Higashiyoka tidal flat mud. It is seen that the depth of 
the maximum AVS has changed from season to season. It can be found that during the 
spring and summer, the maximum AVS has shown in the upper layer. This 
phenomenon is rare for the sulfur cycle in the marine sediments. This phenomenon 
does not agree with the classic depth distribution a phenomenon which was proposed 
by Sorensen and Jorgensen in 1987 and 1991. This type of AVS distribution is  
probably due to the seasonal temperature effects. Due to higher temperature in summer 
and spring, the tidal mud expands and the sulphide content which is comprised of 
mainly hydrogen sulphide gas comes to the upper surface. 
 
 
5.5 Summary 
 
 In this chapter the thermal environment of the shallow sea tidal flat mud is discussed. 
The diurnal and seasonal variation of temperature is discussed thoroughly. The diurnal 
temperature variation is more visible near the surface (0.10 m and 0.20 m). The 
temperature increases gradually from morning, peak at noon and gradually decreases at  
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afternoon. However, at 1.0 m and 2.0 m depth, the variation of temperature was not so 
prominent. This is due to the volumetric heat capacity and the thermal conductivity of 
the tidal mud. From the seasonal variation of temperature, it is seen that during late 
summer, the surface and subsurface temperature is always higher than the deeper depth 
of the mud while in the winter the opposite phenomenon occurs. The proposed 
correlation for measuring temperature profile in different depths can be used in the 
ocean thermal energy conversion research and also be a useful tool for the regular 
monitoring of the contaminated geoenvironmental conditions in the tidal flat. Proposed 
mechanisms of transport of sea laver treatment acid in the tidal mud influenced by 
seasonal temperature is discussed in the later part of this chapter. The field test data 
shows that the acid volatile sulphide (AVS) has shown a great variation in different  
depths at different seasons. 
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Chapter 6 
 
 
 
ASSESSMENT OF THERMAL PROPERTIES  
OF MUD OF THE ARIAKE SEA 
 
 
 
6.1 General 
 
Thermal environment of the mud is one of the major parts of the acid-contaminated 
geoenvironment of the Ariake Sea. The activities of marine ecosystem both in tidal 
flats and inside the deep sea mud depend strongly on the thermal environment. In 
order to investigate the thermal properties of the Ariake sea mud, a portable thermal 
properties sensor and probe (KD2, Decagon Devices, Inc.) was used. Thermal 
conductivity, thermal resistivity, thermal diffusivity and volumetric heat capacity of the 
mud samples collected from both the tidal flat and inside the deep sea were measured. 
The Ariake Sea is one of the best-known semi-closed shallow seas in Japan. The vast 
tidal flat of the Ariake Sea, which is almost 40% of the total tidal flat area of Japan, is  
famous for its rich fishery products and Porphyra sp. (sea weed) cultivation. However, 
a dramatic decrease of catch of shells, such as Sinonovacula constricta, Atrina 
pectinata and Crassostrea gigas is observed both in the tidal flat and inside the deep  
sea mud in the Ariake Sea for the last 3 decades. According to Saga agricultural and 
forestry statistical society (SAFSS), Japan 2006, Crassostrea gigas, usually living 
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near the surface mud, dropped from 7.99 x 105 kg in 1979 to only 1.26 x 105 kg in 
1999; that of Atrina pectinata, living in the upper 0.10-0.15 m of the mud, declined 
from 1.34 x 107 kg in 1976 to 7.9 x 104 kg in 1999 and the situation in the case of 
Sinonovacula constricta, living in the depth of 0-0.70 m of the mud , was even worse: 
1.7 x 105 kg catch in 1976 dropped to practically nil by 1992. The cause for the 
declination of the fishery products is the unfavorable geo-environmental condition 
of the Ariake Sea created by acid treatment practice for the Porphyra sp. (Sea weed) 
cultivation (Hayashi and Du, 2005; Moqsud et al., 2006). The Porphyra sp. is a 
favorite food for the people of Japan and Korea and it is the main earning source of the 
huge population near the Ariake Sea area. During the period of the cultivation 
(December-March), the acid (which is mainly organic) is used as the dis infectant  
acid to treat the Porphyra sp. cultivated in the sea and also to provide some nutrient  
phosphorus to it. This organic acid provides ample of foods for the sulphate reducing 
bacteria living in the mud and consequently increase the sulphide content in the mud. 
The generation of sulphide is also influenced by the seasonal temperature and shows a 
higher value during the summer and the late autumn as bacteria becomes more active 
in the higher temperature (Holmer and Strokholm, 2001). The higher sulphide content 
created by acid treatment practice is the main reason for the unfavorable condition for 
the benthos in the Ariake Sea. Moreover, the activities of the benthos depend strongly 
on the thermal environment near the sediment surface. Photosynthetic capacity of 
micro phytobenthos on an intertidal flat was strongly influenced by mud surface 
temperature (Blanchard et al., 1997). The filtration rate of bivalves was dependent on 
the water temperature (Hosokawa et al., 1996). As a result, to evaluate geothermal 
environment is important especially for the acid contaminated Ariake Sea. Thermal 
properties dictate the storage and movement of heat in soils and as such influence the 
temperature and heat flux in soils as a function of time and depth (Anadakumar et al., 
2001). In recent years, considerable efforts have gone into developing techniques to 
determine these properties (Ochsner et al., 2001). The propagation of heat in a soil is 
governed by its thermal characteristics (De Vries, 1963). Main factors influencing soil 
thermal properties are mineralogical composition, the organic content and water 
content (De Vries, 1952, Wierenga et al., 1969; Yadav and Saxena, 1973). 
No study has been carried out before to get the information about the thermal 
properties of the Ariake sea mud. The objective of the study is to evaluate the 
Thermal properties of sea mud                                               Chapter 6 
 
 73 
thermal properties of the Ariake Sea mud collected from both tidal flat and inside the 
deep sea and to observe the influence of water content and organic content on the 
thermal properties of the Ariake Sea 
 
 
6.2 Study Areas 
 
Two sampling sites from tidal flat areas  sample 1(S1) and sample 2 (S2) and three 
sampling sites (sample 3 (S3), sample 4 (S4) and sample 5 (S5)) inside the Ariake 
Sea were selected as the study areas. Figure 6.1 shows the locations of the two tidal 
flat areas (Higashiyoka and Iida) and the three different areas inside the sea, along 
with the two types (pillar type and float type) of Porphyra sp. cultivation areas. The 
tidal currents sweep into the sea and move northwards along the eastern shoreline 
and create a counterclockwise water movement. This would sweep the finer 
suspended particles delivered by rivers on the east side towards the inland end, where 
sedimentation would occur (Ohtsubo et al., 1995). Sediments in the Ariake Sea tidal 
flats are medium sand to silty mud. Medium sand, which accounts for 71% of the total 
tidal flats, is located mainly in the east and south coast areas (Azad et al., 2005). The 
silty mud is mainly in the bay head.  
Higashiyoka tidal flat locat ed in the bay head was chosen as a study area (S1) 
which is near to Chikugo river (the biggest river in Kyushu Island), Okinohota river 
as well as other rivers and thought to be affected by the river waters. Another study 
area in tidal flat was Iida (S2), which seems to be the most affected by the acid 
treatment practice. The other three study areas are chosen inside the Ariake Sea where 
all the time they are under water. The sample 1 and sample 2 (Higashiyoka and Iida) 
were collected during the ebb tide and the tidal flat was exposed to the sun directly. 
The other three mud samples (S3, S4, and S5 in F igure 6.1) were collected from 
under the sea water in different depths in different locations in the Ariake Sea. The 
sample collection was done in the last week of April 2006. The typical values of 
basic physico-chemical properties of the mud samples collected from five study areas 
are tabulated in the Table 6.2 .The mud samples were collected from the depths of 
0-0.2 m in the Ariake Sea. 
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Figure 6.1 Map of the Ariake Sea indicating the sampling sit es and  
different types of Porphyra sp. cultivation areas 
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The Location was determined by the Global positioning system. 
Mud samples collected from inside the sea by a ship. 
Mud samples collected from the tidal area by mud ski. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample no. Location 
Water Depth 
(m) 
Distance 
from Iida 
sea Shore 
(km) 
Date & Time 
of Sampling 
Sample 1 
(S1) 
Higashiyoka 
Tidal Flat 
330 18' 125   N 
1300 26' 161  E 
- - 
27.04.2006 
1:30 PM 
Sample 2 
(S2) 
Iida Tidal Flat 
330 57' 125   N 
1300 40' 119  E 
- - 
25.04.2006 
2: 00 PM 
Sample 3 
(S3) 
2-2 inside sea 
330 05' 307   N 
1300 13' 372  E 
8.6 5.8 
29.04.2006 
9:00 AM 
Sample 4 
(S4) 
4-1 inside sea 
330 04' 778   N 
1300 13' 766  E 
10 4.8 
28.04.2006 
9:00 AM 
Sample 5 
(S5) 
3-1 inside sea 
330 04' 125   N 
1300 13' 111  E 
11 5.5 
08.05.2006 
9:00 AM 
Table 6.1 General information of the samples 
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Physicochemical 
parameters 
S 1 S2 S 3 S 4 S 5 
Density (x 10-3 kg m-3) 2.71 2.69 2.68 2.69 2.64 
Water content (%) 168 235 160 239 253 
Liquid limit WL (%) 130 150 107 149 142 
Plasticity Index Ip  73 87 67 89 88 
Ignition Loss (%) 11.9 13.3 14.4 12.6 13.7 
pH 8.03 7.92 7.60 7.53 7.59 
Sulphide content 
 (x 10 -3 kg kg-1 dry-mud) 
0.16 0.42 0.14 0.30 0.49 
Salinity (kg m-3) 17 16 20 21 22 
Grain size analysis (%)      
   Sand 9 7 11 6 6 
   Silt 36 30 49 46 45 
   Clay 55 63 36 47 47 
ORP (mV) -40.7 -121.4 128 130 46.38 
Sulphide content 
 (x 10 -3 kg kg-1 dry-mud) 
0.16 0.42 0.14 0.30 0.49 
Salinity (kg m-3) 17 16 20 21 22 
Grain size analysis (%)      
   Sand 9 7 11 6 6 
   Silt 36 30 49 46 45 
   Clay 55 63 36 47 47 
Table 6.2 Basic Physico-chemical properties of the samples 
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6. 3 Materials and Methods 
In-situ samples were collected by inserting vertically a thin wall steel tube sampler 
with a diameter of 0.07 m and a length of 0.90 m at five sites. For sample collection 
from tidal flat region an amphibious ship was used. The mud samples from tidal flat  
were collected during the ebb tide and about 40 m distance from the shore line. For 
sample collection from inside the sea, a ship was used. The ship was stopped in the 
predetermined location which was fixed by the global positioning system (GPS). The 
diver dived into the sea and collected the mud samples by inserting the steel tube 
into the sea bed floor and capped the two openings of the tube. The sample was then 
sliced into 0.05 m layers in the laboratory to measure the thermal properties in each 
layer.  
The thermal properties analyzer KD2 Decagon Devices, Inc. was used to measure the 
thermal properties. Briefly, the measurement was done by inserting the entire needle 
of the probe completely into the samples. The KD2 sensor needle contains both a 
heating element and a thermistor. The controller module contains a battery, a 16-bit 
microcontroller /AD converter, and power control circuitry. When the measurement  
begins, the microcontroller waits for 90 seconds for temperature stability, and then 
applies a known amount of current for 30 seconds to a heat er in the amount of 
power supplied to the heater. The probe's thermistor measure the changing 
temperature for 30 seconds while the microprocessor stores the data. At the end of the 
reading, the controller computes the thermal conductivity and diffusivity using the 
change in temperature and time data. Thermal resistivity is computed as the reciprocal 
of thermal conductivity. The data of thermal conductivity, thermal diffusivity and 
thermal resistivity are shown directly in the digital display of the thermal properties 
analyzer. The volumetric heat capacity was calculated by dividing the thermal  
Conductivity by the thermal diffusivity 
Water content test was conducted to observe the effects of water on the thermal 
properties of the mud samples by following ASTM D 2216. 
Loss-on-ignition test was conducted for organic content effects on the thermal 
properties of the mud by following the standard methods of soil analysis (Ben-Dor 
and Banin, 1989) 
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6.4 Comparison of Thermal Properties of Tidal and Deep Sea Mud Samples 
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Fig. 6. 3 Variation of thermal conductivity of the samples after oven dry 
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    Figure 6.4 Variation of thermal conductivity of the samples after Ignition loss 
Figure 6.5 Variation of thermal resistivity of the samples after oven dry 
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Figure 6.7 Variation of thermal diffusivity of the samples in different depths 
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Figure 6.8 Variation of thermal diffusivity of the samples after oven dry 
Figure 6.9 Variation of thermal diffusivity of the samples after Ignition loss 
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Figure 6.10 Variation of volumetric heat capacity of the samples in different 
depths 
Figure 6.11 Variation of volumetric heat capacity of the samples after oven dry 
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6.4.1 Variation of Thermal Conductivity  
Figure 6.2 shows that the variation of thermal conductivity of mud in different depths 
in the Ariake sea. In the sample of tidal flats (sample 1 and sample 2), the variation is 
more prominent than the other samples collected from deep sea. This is probably due 
to much turbulation of the tidal flat mud in the tidal flat region and introduces various 
kinds of matter during the tidal water movement as well as the direct exposure to the 
sun light during the ebb tide. All the samples show great variations in the sub surface 
(0-0.20 m) region but less variation in deeper region. Thermal conductivity of mud 
varies with soil texture, water content and organic matter content (Hamdeh and Reeder, 
2000). The water content of the Ariake mud is always over 130% in different depths, 
which indicates that the conductivity of the Ariake mud is not affected by the water 
content at different depths. Thermal conductivity of soil is become almost constant 
after reaching above 120-125% of water content (Hamdeh, 2003). In Figure 6.2, it is  
seen that in sample 1 and sample 2 at around 0.15 m depth the value is the highest 
(0.70 W/m°C). This is probably due to some difference in the mineralogy or organic 
content from the consequent layers. Figure 6.3 shows that thermal conductivity of the 
Ariake mud is reduced 85-90% after it was oven dried (0% water content).Sample 3 
shows the peak value of conductivity of 0.75 W/m °C. However, mud samples from 
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Figure 6.12 Variation of volumetric heat capacity of the samples after ignition 
loss 
Thermal properties of sea mud                                               Chapter 6 
 
 84 
Higashiyoka tidal flat shows the lowest value of 0.65 W/m °C. Figure 6.4 shows that the 
thermal conductivity was increased after the ignition loss. The values increase 10-30% 
after the ignition loss. The effects of organic matter on thermal conductivity of the tidal 
flat mud or inside sea mud were not much studied before. So we were unable to 
compare our results with others from previous studies.  
6.4.2 Variation of Thermal Resistivity 
Figure 6.5 shows that the variation of thermal resistivity with depth. The thermal 
resistivity is an important part for the thermal environment of the tidal flat as well as  
for the deep sea mud (Naidu and Singh, 2004). The thermal resistivity is varied much 
in the sub-surface (0-0.2 m) region and it showed a relative stable value in the deeper 
region. Iida tidal flat mud shows the lowest peak value in 0.10 m depth. The 
mud-samples collected from inside the sea show a relatively small variation in the 
thermal resistivity. For sample 2, at 0.10 m depth the resistivity shows the minimum 
value and this is due to the mineralogy and the organic matter presence. However, after 
oven dry, the mud samples show a dramatic increase of the thermal resistivity. The 
water content in the mud increases the thermal conductivity and consequently 
decreases the thermal res istivity. The dry mud particles have less contact area for heat  
transfer as well as air has 20 times more thermal resistivity than water which influences  
the value. For this reason, the thermal resistivity increase after oven dry of the mud 
samples. However, the thermal resistivity was not affected by the organic content of all 
the mud samples collected from the Ariake Sea.  
 
6.4.3 Variation of Thermal Diffusivity 
Figure 6.7 shows the variation of thermal diffusivity with depth for all the Ariake mud. 
It is seen that in the tidal flats (sample 1 and sample 2); the thermal diffusivity is varied 
much in the different depths. But in the case of deep sea mud sample (sample 3, sample 
4 and sample 5) the thermal diffusivity was constant in different depths. This is due to 
a small chance of turbulation in the deep sea bed floor. However, in the tidal flat  
region during the ebb tide, the tidal mud is exposed directly to the sunlight and durin g 
the high tide; a lot of foreign matters come and disturbs the homogeneity in the mud 
of the tidal mud layers. It is seen that in the deep sea mud, the value of thermal 
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diffusivity is always in 0.12 x 10-6 m2/s. But in the tidal flat, the peak reached at 0.13  
x 10-6 m2/s.Thermal diffusivity is increased 10-30% after oven dry for the different 
samples (Fig. 6.8). To observe the effect of the organic matter content to the thermal  
diffus ivity of the Ariake mud, ignition loss t est was performed. It is seen that after 
ignition loss, thermal diffusivity increased 10-40% in different samples (Fig. 6.9). 
 
6.4.4 Variation of Volumetric Heat Capacity 
 Figure 6.10 illustrates the variation of volumetric heat capacity with depth of the 
various samples. Sample 2 shows a great variation in volumetric heat capacity. The 
peak shows at 0.15 m depth and value is about 6.8 MJ/m3 °C. Clay soil generally has 
higher volumetric heat capacity than sandy soil for the same water content and soil  
dens ity (Hamed, 2003). Volumetric heat capacity is  very important for the acid 
contaminated tidal mud. Sulphate reducing bacteria (SRB) plays an important role in 
the geo-environmental condition of the Ariake Sea. These Bacteria like the layer where 
the volumetric heat capacity is higher (Moqsud et al.2006 a). Because in that layer it  
shows the more stable condition which is liked by the bacteria. Figure 6.11 shows that 
volumetric heat capacity dramatically reduces about 80-90% after it was oven dried.  
Again, after ignition loss it increased about 30-50% than before ignition loss. Organic 
content influence the thermal properties as well as the volumetric heat capacity of the 
soil. With increasing the organic content, the volumetric heat capacity decreases (Ekwue 
et al., 2005).The temperature of underground soil is affected mainly by the soil thermal 
properties (Nassar et al., 2006) and these properties play a significant role in the 
geo-environmental condition in the global environment. The thermal properties of the 
mud are also induced by the mineralogical matter presence in the mud. The effects of this  
mineral matter on the thermal properties of the Ariake sea mud needs further study. Tidal 
mud thermal properties and temperature of tidal flat mud and its value at any moment 
and the manner of its variation in time and space, is a factor of primary importance in 
determining the rates and directions of soil physical process and of energy and mass 
exchange with the atmoshphere. The thermal properties of the mud of the acid 
contaminated Ariake Sea was investigated through laboratory studies. The thermal 
properties of mud collected from tidal flat showed a different trend from the mud 
collected from inside the sea due to the exposure to the sunlight and the tidal wave 
turbulation. Thermal conductivity of the Ariake mud was reduced 85-90% after it was 
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oven dried and was increased by 10-30% after the ignition loss test. Thermal resistivity 
of the Ariake mud increased dramatically after oven dried and it was less affected by 
the organic matter after ignition loss. Thermal diffusivity was decreased 10-30% after 
oven dry however it was increased 10-40% after the ignition loss test. The volumetric 
heat capacity of the Ariake mud was reduced by 80-90% and 30-40% by the water 
content and organic content, respectively. 
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Figure 6.13 Variation of thermal conductivity with water content 
Figure 6.14 Variation of volumetric heat capacity with water content 
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Figure 6.17 Conceptual views of the mechanisms of the effects of water content 
on thermal conductivity 
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Figure 6.18 Variation of thermal conductivity with charcoal content 
Figure 6.19 Variation of volumetric heat capacity with charcoal content 
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Figure 6.21 Variation of thermal diffusivity with charcoal content 
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Figure 6.22 Variation of thermal conductivity with diatom content 
Figure 6.23 Variation of volumetric heat capacity with diatom content 
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6. 5 Some Factors Affecting the Thermal Properties of the Soil 
 
The mud samples were collected during the ebb tide at 0.20 m depth and 20 m away 
from the shoreline both at Iida and Higashiyoka tidal flat areas. Table 3.1 in the 
Chapter 3 shows the basic physicochemical properties of the mud samples of the two 
study areas. The thermal properties analyzer KD2 Decagon Devices Inc. was used to 
measure the thermal properties of the mud in the laboratory. The values of the thermal 
conductivity, thermal resistivity and thermal diffusivity are displayed directly in the 
digital display of the thermal properties analyzer by inserting the probe into the mud 
samples. Water content was measured by following ASTM D 2216. Ignition loss test 
was conducted for organic content test by following the standard methods of soil 
analysis (Ben-Dor and Benin 1989). To observe the effects of water content, charcoal 
content (as a source of solid organic matter) and diatom content, different quantities of 
water, charcoal and diatom were mixed with Iida and Higashiyoka tidal mud, 
respectively in the controlled room temperature at 20 0C. 
6.5.1 Thermal Conductivity 
Figure 6.13 shows the variation of thermal conductivity with water content of different 
materials. It is seen that when a small amount of water was added with the materials the 
thermal conductivity increased very fast. But after more addition of water, the thermal 
conductivity became constant. This type was found both for the Bentonite, Kaolin and 
also for Nagasaki sand and the Toyoura sand. This is due to the reason that when soil 
particles are dry, they are in point contact and heat is transferred only by point contact. 
However, when water is added the heat transfer area increased and thermal 
conductivity also increased. On the other hand, after adding more water, the influence 
of heat transfer area diminishes and thermal conductivity becomes almost constant 
(Moqsud et al, 2006).  
 
6.5.2 Volumetric Heat Capacity 
Figure 6.14 shows the volumetric heat capacity was also followed the same trend while 
addition of small quantity of water. The volumetric heat capacity is the properties of 
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the soil which is liable for heat holding capacity. This property of soil is directly 
related to the thermal conductivity. So it is shown the same trend with addition of 
water. The effects of water content on the thermal properties of Iida and Higashiyoka 
tidal mud shows the same trend with the bentonite and kaolin and also the sand (Fig. 
6.15). But Iida mud samples show the higher value than the Higashiyoka tidal mud 
samples. It is also found that when the water content of the mud samples reach about 
120 or 130 % the thermal conductivity became constant. It implies that the water 
content does not have enough effects on the thermal conductivity of the tidal mud as  
the field water content is always above the range of 120-130%. The volumetric heat  
capacity also shows the same trend with the thermal conductivity. When small amount  
of water is added the volumetric heat capacity increased dramatically but while after 
the water content became above 120 % it is almost constant both for the Iida and the 
Higashiyoka mud samples. 
 Figure 6.17 illustrates that the conceptual image of the effects of the water content on 
the thermal conductivity. The thermal conductivity is responsible for the heat transfer 
ability of the matter by the mode of conduction. So when the soil is dry, the particles 
are in point contact and the heat is transferred only by the point touching each other. 
But when water is added then the heat transfer area has become large and more heat  
can be transferred. For this reason the thermal conductivity increases rapidly when 
small amount of water is added. But when more water is added then the effects 
diminishes .Another reason for increasing the value of thermal conductivity with the 
increasing of the water content is the replacement of air by water. Air has 20 times 
more thermal resistivity than the water. So when water is added, air removes from the 
particle spaces and increases the thermal conductivity very rapidly. Figure 6.18 shows 
that the thermal conductivity decreased gradually with the addition of charcoal. In this  
study the charcoal is used as a source of solid organic matter. By addition of different 
quantity of charcoal the thermal conductivity is gradually decreased. The Iida mud 
shows the higher value of thermal conductivity for same organic matter content. Figure 
6.19 illustrates the variation of volumetric heat capacity with the addition of charcoal. 
It is shown the same trend with the thermal conductivity. The reasons for this 
decreasing trend is that the organic matter has itself lower value of thermal 
conductivity which results the combined lower thermal conductivity as well as the 
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volumetric heat capacity.  
6.5.3 Thermal Resistivity 
Figure 6.20 shows that the variation of thermal resistivity with the addition of different  
quantity of charcoal. It is  also seen that when different quantity of charcoal was added 
the thermal resistivity increased. This is due to the fact that when charcoal is added it  
lowers the combined thermal conductivity and consequently increases the thermal 
resistivity. Usually the organic matter which is solid has lower thermal conductivity 
due to the material structure and the inherent properties. The thermal diffusivity was 
not changed much due to the charcoal addition. But a small decreasing is found.  
Figure 6.22 shows the variation of thermal conductivity with the diatom content. The 
diatom which was used for this test is from the Oita prefecture from Kyushu Island, 
Japan. When different quantity diatom was added with the mud samples, the thermal 
conductivity value was decreased. This is probably due to the fact that when diatom 
was added with the mud samples, increase the volume of voids which make the path 
for heat flow more tortuous, and thereby thermal conductivity decreased. But the 
effects of the diatom content were not much prominent both for the Iida and the 
Higashiyoka tidal mud. The volumetric heat capacity was also gradually decreased by 
the addition of the different percentage of diatom addition. This is probably due to the 
same reason which is stated for the decreasing trend of the thermal conductivity when 
the diatom was added. 
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Figure 6.24 Variation of volumetric heat capacity with depth in tidal flat 
Figure 6.25 Variation of acid volatile sulphide with depth in the tidal flat 
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6.6 Relation between Volumetric Heat Capacity and AVS Maximum Depth  
Figure 6.24 shows the variation of volumetric heat capacity with depth at Iida and 
Higashiyoka tidal flat mud in May and June, 2006. It is seen that the volumetric heat 
capacity is varied in the subsurface region very much but it is almost constant in the 
deeper area. Figure 6.25 illustrates that the acid volatile sulphide with depth at the same 
place and same time. It is seen that in the depth of peak AVS, is in the same depth of 
higher volumetric heat capacity. This is probably due to the fact that the higher 
volumetric heat capacity region is more stable condition for the bacteria. The sulphate 
reducing bacteria likes the place in which volumetric heat capacity is higher. The 
sulphate reducing bacteria is liable for producing the sulphide from the sulphate 
compounds. If the same condition is maintained in the different layers, the sulphate 
reducing bacteria will be more in that layer where it is more stable in terms of 
temperature change or more specifically the higher volumetric heat capacity region. 
Figure 6.26 shows that the modified AVS – depth distribution profile in the marine 
sediments. The previous AVS- depth distribution was developed by Jorgensen and 
Sorensen in terms of chemical condition. Now the AVS-depth distribution is proposed in 
terms of thermal properties. The second layer where the AVS shows the peak is also 
peak for the higher volumetric heat capacity. Figure 6.28 illustrates the image of the 
Sulfur cycle in the study area. The Ariake Sea is famous for its various kinds of sea weed 
cultivation. Every year, a lot of money is earning from the sea weed cultivation. The sea 
laver cultivators use acid to treat the sea laver i.e as a disinfectant agent. This acid which 
contains phosphorus provides ample of foods to the sulphate reducing bacteria. The 
activity of the sulphate reducing bacteria increases in the increased temperature of 18-37 
0 C. The consequence of the sulphate reducing bacteria is the acid volatile sulphide 
concentrations. The sulphate reducing bacteria are the major activist for the sulphide 
content in the marine sediment. Where the concentration of the sulphate reducing 
bacteria is high their activity will also high at that region and, consequently, the sulphide 
content is also high at that area. 
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6.7 The Range of the Thermal Properties in the Deep Sea and the Tidal Flat Mud 
The thermal properties vary from place to place i.e. from tidal flat mud to deep sea mud. 
But the seasonal variation of the thermal properties is not so significant. The thermal 
conductivity varies from 0.64 to 0.68 W/m0 C in the mud samples collected from under 
sea water (deep sea). Thermal diffusivity does not vary in all the depth in the deep sea 
mud samples and its value is 0.12 x 10-6 mm2/s. Thermal resistivity varies from 1.56 to 
1.47 m 0C/W. Volumetric heat capacity varies from 5.3 to 5.67 MJ/m3 0C.The thermal 
properties of the tidal flat mud has a great variation in the different depths. Even between 
two depths at 0.1m depth distance it shows a great variation. Thermal conductivity in the 
tidal flat mud is ranged from 0.63 to0.71 W/m 0 C in different depths in different places. 
Thermal resistivity varies from 1.58 to 1.42 m 0C/W. Thermal diffusivity varies from 
0.10 to 0.14x 10-6 mm2/s in different depth at different places. Volumetric heat capacity 
varies from 6.3 to 7.1 MJ/m3 0 C. The thermal properties of the tidal flat mud are not 
given much seasonal variation. The thermal properties vary due to water content, organic 
content and mineralogy and the particle structure orientation. The before typhoon and 
after typhoon data of the thermal properties shows the variation in different depths. This 
is due to the erosion and washout the upper surface of the tidal flat mud due to huge 
turbulation during the tropical storm. 
6. 8 Summary 
 
In this chapter the thermal properties of the mud of the shallow sea was investigated 
through laboratory studies. The thermal properties of mud collected from tidal flat  
showed a different trend from the mud collected from inside the sea due to the 
exposure to the sunlight and the tidal wave turbulation. Thermal conductivity of the 
Ariake mud was reduced 85-90% after it was oven dried and was increased by 10-30% 
after the ignition loss test. Thermal resistivity of the Ariake mud increased dramatically 
after oven dried .Thermal diffusivity was decreased 10-30% after oven dry however it  
was increased 10-40% after the ignition loss test. The volumetric heat capacity of the 
Ariake mud was reduced by 80-90% and increased 30-40% by the water content and 
organic content, respectively. 
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Chapter 7 
 
EFFECTS OF ACID TREATMENT PRACTIC E 
ON GEOENVIRONMENTAL CONDITIONS IN 
THE ARIAKE SEA 
 
 
 
7.1 General 
 
The Ariake Sea is one of the best-known semi-closed shallow seas in Japan. The vast 
tidal flat of the Ariake Sea is famous for its abundant supply of shells, and a rich 
cultivation of Porphyra sp. In this study, the results of a field test as well as a series 
of laboratory tests are presented that demonstrate the impacts of acid treatment practice 
of cultivating Porphyra sp. on the geoenvironmental conditions in the Ariake Sea. The 
salinity, pH, sulphide content (SC) and oxidation-reduction potential (ORP) of the 
Ariake tidal-mud were measured in the samples collected from the tidal flat of the Iida 
and Higashiyoka site. The ORP and sulphide content of the Iida mud is < 0 mV and > 
0.5 x 10-3 kg/ kg dry-mud, respectively. All four parameters (salinity, pH, SC, ORP) 
were also measured in the laboratory under four different concentrations of acid.  
Another laboratory test was also conducted to observe the survival condition of the 
Sinonovacula constricta in four different acid concentrations. Sinonovacula constricta  
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shells were unable to stay live within 7 days in the acid concentration 0.11%. The 
results of both laboratory and field tests indicate a strong reduction condition in the 
mud due to acid treatment practice of the Porphyra sp., which causes an imbalance of 
the marine eco-system. Consequently, there is a dramatic decrease of catch shells in 
the affected area of the Ariake Sea during the last 20 years. 
 
Moreover, a dramatic decrease in the catch of the shells, such as Sinonovacula 
constricta, Atrina pectinata and Crassostrea gigas is observed in the tidal flat mud 
area. Figure 4.1, shows that the catch of Crassostrea gigas, usually living near the 
surface of mud, dropped from 7.99 x 105 kg in 1976 to only 1.26 x 105 kg in 1999; that 
of Atrina pectinata, living in the upper 0.10-0.15 m of the mud, declined from 1.34 x 
107 kg in 1976 to 7.9 x 104 kg in 1999, and the situation in the case of Sinonovacula 
constricta, living in the depth of 0-0.70 m of the mud, was even worse: 1.7 x 105 kg 
catch in 1976 dropped to practically nil by 1992.  
 
7.1.1 Declining Harvests of Sea Shells 
The probable causes, which are argued for this declination of the fishery catch include: 
(1) the water quality in the Ariake gulf is deteriorated due to the exchange of water 
with the rivers causing eutrophication and consequently resulting an enormous  
evolution of red tide and plankton, (2) Koga et al., (2003) proposed that the man-made 
changes, such as the Ishahaya reclamation project, started in 1998 caused smaller tide 
ranges, which resulted in a decrease of mixing efficiency and oxygen depletion of the 
sea water  and (3) Hayashi and Du, (2005) conducted tests and showed that the 
deteriorated environment in the mud of the Ariake sea contributed to the decline. Araki 
et al., (2002) and Yamanishi et al., (2002) proposed that the deteriorated 
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Figure 7.1 Variation of catch of shells in the Ariake Sea during last three decades 
 
is due to the change in the chemical oxygen demand (COD) and concentrations of 
nutrients in the Ariake Sea water.  
 
7.1.2 Isahaya Reclamation Project 
The second aspect is addressed by the change in the water quality in the reservoir of 
the Isahaya reclamation projects, and the third aspect is from the questionnaires of the 
Kyushu local fishermen. The questionnaires reveal that most fishermen thought that 
the mud in the tidal flat areas of the Ariake Sea has been deteriorated, accompanying 
the observation that unpleasant odor from the mud was found in the Ariake sea tidal 
flats. It is thought by the local fishermen that the observed unpleasant odor was toxic 
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and harmful to the Sinonovacula constricta and Atrina pectinata shells. Ushihara et al.,  
(2002) did the preliminary investigations and have shown that the acid treatment 
practice for Porphyra sp. cultivation would be one of the most probable causes for the 
mud deterioration. However, so far, detailed studies on how the acid treatment practice 
of the Porphyra sp. affects the geo-environmental conditions of the tidal mud have not  
received much attention. The physicochemical properties comprising of both basic 
geotechnical and geochemical properties combined make the geo-environmental 
condition of the tidal mud. The purpose of this study is therefore to investigate the 
possible impacts of acid treatment practice on the geo-environmental properties and 
consequent causes of imbalance on the ecosystem balance for that benthos inhabiting 
in the shallow depth of the tidal flat mud in the Ariake Sea. The field investigations as  
well as the laboratory tests were conducted to observe the impacts of the acid treatment 
practice on geo-environmental properties of the tidal-flat muds as well as on the 
favorable living conditions for the Sinonovacula constricta  living in the shallow depth 
of the tidal-mud in the Ariake Sea. The field tests were performed from 2002 to 2005 
to evaluate the diurnal variation of the geo-environmental conditions in the tidal flat in 
the Iida and Higashiyoka site. Due to the limited space, only the results of November 
2002 and November 2005 are presented in this chapter.  
 
 
7.2 Significance of Acid Treatment Practice in the Ariake Sea 
 
The Porphyra sp. belongs to the division Rhodophyta and the product is a favorite 
food in Japan and Korea. Together with its characteristic flavor, it is rich in nutrients, 
such as proteins, vitamins, minerals and tasty constituents. Zhang et al., (2004) stated 
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that more than ten billion sheets of dried Porphyra sp. have been produced in Japan of 
which Ariake sea accounts for approximately 40% of the total domestic production of 
this Porphyra sp. that is well known for its high quality. Porphyra sp. is the most 
important commercial product of the Ariake Sea and it is the main earning source to 
the huge number of the people in these areas. At present, the Porphyra sp. cultivation 
area has reached 12-15% of the total area of the Ariake Sea. The total production of 
Porphyra sp. is about 85 million USD, which is the greatest earning source in the 
Ariake coast area.  
 
7.2.1 Seaweed cultivation 
Every year the local sea laver farmers start the Porphyra sp. cultivation both pillar type 
and float type in the Ariake Sea from December. To enable Porphyra sp. cultivation 
and production, the acid treatment practice has been quickly developed. During the 
period of the cultivation (December-March), the acid is used as the disinfectant acid to 
treat the Porphyra sp. cultivated in the sea and also to provide some nutrient 
Phosphorus to it. This acid treatment practice has been widely undertaken all over 
Japan from 1977 until the present time. In the Kyushu region, the residual acid was  
directly dumped into the Ariake Sea without any pre-treatment before 2002. According 
to unpublished data from the Ministry of Agriculture, Forest and Fisheries of Japan, 
during the period of 1977-2001, annually about 2.9 x 106 kg of acid was dumped into 
the Ariake sea water within the Porphyra sp. farming areas. In some regions of 
Kyushu, such as Saga Prefecture, the direct dumping of acid into the Ariake Sea is  
being strictly controlled since 2002. The residues of the applied acid are required to be 
treated to lower its acidity and sufficiently dilute its concentrations before finally being 
dumped into the Ariake Sea and another countermeasure has been taken to reduce the 
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concentration of NaH2PO4 from 14% to 4% from 2002. The acid used in the Saga 
prefecture has the main chemical compositions of 18% of DL-Malic acid 
(HOOCCHOHCH2COOH), 15% of ammonium sulphate ((NH4)2SO4), 14% of sodium 
di-hydrogen-phosphate (NaH2PO4), 1% of amino acid and 0.6% of coloring matter. 
The pH of the acid used in the Saga prefecture is about 2.0. 
 
 
7.3 Mechanism of the Influence of Acid Treatment Practice 
 
The increased value of sulfide content with the increase in the concentration of the sea 
laver treatment agent may be explained by the geochemical reaction occurred in 
marine sediments. Field monitoring test results indicate that both Iida mud and 
Higashiyoka mud are undergone reduction condition (Hayashi et al. 2003). Under the 
reduction condition, the sulfate (SO4
2-) in the pore water of the mud is reduced to 
hydrogen sulfide（H2S） by the organic matter decomposition with the aid of 
sulfate-reducing bacteria(Jorgenson 1990; Mitchell 1993). Simultaneously the H2S 
reacts with soluble ferrous iron（Fe２+）,which is usually observed in the Ariake marine 
muds (Ohtsubo1995) and forms black amorphous FeS. The reduction process of SO4
2-   
to H2S and formation of FeS can be expressed by following equations. 
 
SO4
2- +CH３COO
－+H+  →  H2S+CO2+H2O   (7.1) 
            H2S＋Fe
2＋→ FeS                    (7.2) 
In which CH3COO－  symbolizes the organic matter. Usually oxidation condition was 
observed in the shallow depth up to 5 cm of the Ariake mud (Hayashi et al. 2003). 
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Under this condition, with the aid of the sulfur bacteria H２S, is oxidized to SO4
2-, as 
express in Eq. (7.3):  
 
            H２S＋H２O → SO4
2-＋H＋            (7.3) 
Jorgenson (1991) and Mitchell (1993) indicated that aforementioned geochemistry 
reaction is typically occurred in marine sediments showing the cycle of sulfur (S) in 
the marine sediments.  
 
 
7.4 Sampling Sites  
 
Two tidal flat areas in the Ariake Sea, Iida and Higashiyoka were selected as the study 
areas. The tidal currents sweep into the sea and move northwards along the eastern 
shoreline and create a counterclockwise water movement. This would sweep the finer 
suspended particles delivered by rivers on the east side towards the inland end, where 
sedimentation would occur which was discussed by Ohtsubo et al., (1995). Azad et al.,  
(2005) showed that sediments in the Ariake Sea tidal flats are medium sand to silty 
mud. Medium sand, which accounts for 71% of the total tidal flats, is located mainly in 
the east and south coast areas which is discussed by Azad et al., (2005). The silty mud 
is mainly in the bay head. Before selecting the study areas, field investigations were 
undertaken. Higashiyoka (33.18ºN, 130.26º E), located in the bay head was chosen as a 
study area which is near to Chikugo river (the biggest river in Kyushu island), 
Okinohota river as well as other rivers and thought to be affected by the river waters.  
Another study area was Iida (33.57º N, 130.40º E), which seems to be the most 
affected by the acid treatment practice. The mud samples at the Iida site gave out a 
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strong unpleasant odor due to the gas-phased hydrogen-sulphide (H2S), whereas the 
mud samples of Higashiyoka site did not have such odor. The typical values of basic 
physicochemical properties of the Iida and Higashiyoka tidal mud are tabulated in the 
Table 3.1.The mud samples were collected from the 0-0.2 m in the Ariake tidal mud.  
 
The sampling campaign was carried out at Iida and Higashiyoka from April 2002 to 
December 2005. 
 
 
7.5 Test Methods 
 
7.5.1 Field Tests  
 
Undisturbed samples were collected by inserting the 0.2 m diameter PVC pipe down in 
the mud at a depth of 0.2 m and a thin wall tube sampler with a diameter of 0.7 m and 
a length of 0.9 m at both Iida and Higashiyoka sites. The sample was then sliced into 
several specified layers to measure the salt concentration, pH, sulphide content, and 
ORP. Rickard and Morse, (2005) showed that sulphide content and pH are very 
important geochemical indices to identify the favorable inhabiting conditions of the 
benthos while salt concentration and ORP are important since the pH of the mud 
changes with changing salt content and ORP. The pH was measured by using a digital 
portable pH meter (HORIBA D-52). The measuring process consists of inserting the 
probe of the pH meter into the mud with a shallow depth, 0.05 m, and getting the value 
from the display directly. The oxidation-reduction potential (ORP) is measured by 
using a digital ORP meter (Denver Instrument AP25) having the IW061 sensor. The 
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ORP is measured following the same procedure of pH measurement. The salt  
concentration was measured using the compact salt meter (Horiba C-121). This salt 
meter is capable of making accurate measurements of sodium chloride (NaCl) 
concentration from a single-drop mud sample. The sulphide content was measured 
following the standard method prescribed by the Japan Fisheries Resource 
Conservation Association 2000. The instrument which is used to measure the sulphide 
content is the GASTEC 201L/H which was also used by Wu et al., (2003) to determine 
the sulphide content of the marine sediments. Briefly; measuring sulphide content 
consists of placing 0.0001 kg of mud at field moisture content on a fine porous disk 
placed in a 1x10-5 m3 glass tube. Then 2 x 10-6 m3 of diluted sulfuric acid (H2SO4) (1x 
10-6 m3of distilled water mixed with 1x 10-6 m3 of 18 N H2SO4) was mixed on the mud 
sample, and the generated H2S gas was collected. The weight of H2S was  measured 
and expressed as mass of gas per unit mass of the mud.  
 
7.5.2 Laboratory Tests 
 
In order to understand the impacts of acid treatment practice on the muds at the Ariake 
Sea, one-dimensional infiltration tests were conducted in the laboratory. The 
infiltration tests were thought to simulate the field scenario in which the dumped acid 
in the Ariake Sea infiltrates through the Iida muds during the high tide period. 6 kg of 
mud at the field 
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Figure 7.2 Setup of a laboratory column test with the Ariake mud 
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moisture content taken from the Higashiyoka site was thoroughly mixed with the sea 
water. The slurry was poured into a 0.2 m diameter acrylic cylinder up to a depth of 
0.2 m and upper 0.9 m of the cylinder was filled with sea water. Figure 7.2 illustrates 
the experimental setup.  
 
 
Two tests each of duration 30 days were performed simultaneously. In one test, the sea 
water was continuously drained from the base of the setup (Figure 7.2), and the water 
level was brought up to 0.9 m mark every day. After 30 days, the water above the mud 
was drained out, and the sample was extruded and sliced for the determination of salt 
concentration, pH, sulphide content, and ORP. The second test was conducted with the 
sea water mixed with acid of concentration 0.1% (by volume of water). The acid used 
in the laboratory test has the same composition with that used in the field of the Saga 
Prefecture; the pH value is about 2.0. Similar to the first test, the sea water was drained 
after 30 days of acid treatment, and the mud sample was extruded and sliced for 
determination of salt concentration, pH, and sulphide content. An additional test of 
similar type with four different levels of acid concentration (0%, 0.01%, 0.03% and 
0.1 %) was conducted with the Higashiyoka mud in order to observe the effects of the 
acid treatment on the geo-environmental condition of the Ariake tidal mud.  
 
 
A laboratory test was also conducted to investigate the impacts of the acid to the 
survival condition of the Sinonovacula constricta. Four rectangular plastic boxes (0.63 
x 0.33 x 0.26 m) usually used to store clothes were utilized as testing chambers. Four 
different concentrations (0.01%, 0.03%, 0.08% and 0.11% of the pore water volume)  
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of acid were mixed thoroughly with the mud collected from Higashiyoka tide land and 
were filled in four different boxes up to 0.13 m. The water content of the mud was 
168 % with a density of 2.71 x 10-3 kg/m3. The acid was homogeneously mixed with 
the mud by a hand mixing machine. The Ariake sea water which was collected from 
the Ariake sea at Kashima city area containing the salt concentration of 2.5 x 10-4 
kg/m3 was filled about 0.3 m height into the test boxes. A continuous supply of 
aeration was provided to ensure the dissolved oxygen in the sea water during the test 
(Figure 7.3). 
Then 15 numbers of Sinonovacula constricta were discharged in each of the box. 
Everyday the number of the dead Sinonovacula constricta shells was counted from 
each of the testing box to find the survival percentage of them. This test was carried 
out for 10 days at the controlled temperature of 25ºC. The dissolved oxygen (DO) of 
the sea water was measured by using a portable dissolved oxygen meter (HACH 
HQ-10) by inserting the DO sensor into the bottom of the sea water and obtained the 
data in the digital display immediately. The sulphide content of the mud was measured 
from surface and the middle portion of the muds after the test was finished.  
 
0.26 m Sinonovaculaconstricta
Sea water
Oxygen supply
0.67 m
Mud0.13 m
0.03 m
Figure 7.3 Sketch of the survival test for the Sinonovacula constricta 
Effects of acid treatment practice                                   Chapter 7 
 
 114 
7.6 Laboratory Test Results Comparison with In-situ Data 
 
Figure 7.4 illustrates the variation of salt concentration with depth in the mud of both 
Iida and Higashiyoka sites for the year 2002 and 2005. B0 and B0.1 refers to the sample 
with acid concentrations of 0 % and 0.1% for the Higashiyoka mud.  
 
7.6.1 Salt Concentration and Sulphide Content 
The salt concentrations of the mud at Iida site are higher than those of the muds at 
Higashiyoka site both in November of 2002 and 2005. The salt concentrations are 
higher in the upper (0-0.025 m) depth. This is due to the influence of the sea water in 
the sub-surface areas. Figure 7.5 shows that the pH value of the mud at the Iida site is 
lower than that of the mud at the Higashiyoka site both in 2002 and 2005. Figure 7.6 
illustrates the sulphide content of the mud in different depths, which shows that the 
sulphide content is higher at Iida site than that at Higashiyoka site both in the year of  
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Figure 7.4 Variation of salt concentration with depth in the Ariake mud 
 
Effects of acid treatment practice                                   Chapter 7 
 
 115 
 
 
0 2 4 6 8 10 12
6.0
6.5
7.0
7.5
8.0
8.5
9.0
pH
Depth (x 10-2m)
 Iida in-situ 2002
 Higashiyoka in-situ 2002
 Higashiyoka lab B0
 Higashiyoka lab B0.1
 Iida in-situ 2005
 Higashiyoka in-situ 2005
 
Figure 7.5 Variation of pH with depth in the Ariake mud 
 
2002 and 2005. However, the peak value of sulphide content at Iida site (0.48 x10-3 
kg/kg dry- mud) is lower in 2005 than that (1.13 x10-3 kg/kg dry-mud) in 2002. The 
result indicates the gradual improvement of the geo-environmental conditions of the 
tidal mud of the Ariake Sea; although it is above the safe limit for the benthos life. 
This phenomenon is consistent with the field observation that the color of the Iida tidal 
flat mud became grey, and the unpleasant odor from the mud is less strong than in 
2002.  
 
7.6.2 Laboratory Simulation Test Results 
Figures 7.4, 7.5, and 7.6, the results of laboratory simulation tests, B0 and B0.1, also 
compare the in-situ geo-environmental conditions at the Iida and Higashiyoka sites. It 
is noted that during the B0 test, the salt concentration increased (Figure 7.4) and pH 
decreased (Figure 7.5) as compared to the original Higashiyoka mud. This indicates 
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that the treatment of the Higashiyoka mud with the acid (B0.1) has resulted in 
significant decrease in the salt concentration. This reduction of salt concentration and 
pH values as well as the ORP value (Figure 7.7) of the mud as a result of acid 
treatment also occurred at the Iida site. The sulphide content of the Higashiyoka mud 
after the acid treatment (B0.1 test) is significantly higher than the original values, 
especially at a depth of 0-0.04 m (Figure 7.6). At the depth of 0.04-0.12 m, the 
sulphide content was practically constant. The results of B0.1 test suggest that the Iida 
site mud, affected by the continued acid treatment practice over a long period (between 
1977-2002 as shown in Figure 7.1), would have undergone changes  similar to those 
experienced by the Higashiyoka mud in the laboratory study. Such a result seems to be 
reasonable for explaining the phenomenon that the catch of the Sinonovacula 
constricta and Atrina pectinata living in the shallow depths of the mud decreased 
during the period of acid treatment practice as depicted in Figure 7.1. The sulphide 
content of the tidal mud is very much important for the life of the shells as it is one of 
the main factors which make the unfavorable geo-environmental condition. The 
oxidation-reduction potential (ORP) of the Higashiyoka mud with different acid 
concentrations in the laboratory are illustrated in the Figure 7.7.The increasing 
concentration of acid cause a decrease in the oxidation reduction potential value. The 
lower value and the negative value of the ORP are not healthy for the benthos life 
living in the mud.  
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Figure 7.6 Variation of the sulphide content with depth in the Ariake mud 
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Figure 7.7 Variation of ORP with the different acid concentration in 
laboratory column test 
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Figure 7.8 Variation of ORP with depth in the Ariake mud (in-situ) 
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Figure 7.9 Variation of sulphide content with different acid concentrations 
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Figure 7.10 Relationship between salt concentration and pH in different mud   
samples of the Ariake Sea 
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Figure 7.11 Relationship between pH and sulphide content of the Ariake mud 
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Figure 7.8 shows that the value of ORP at Iida site is lower than that at Higashiyoka 
during November 2005. The higher negative value of oxidation reduction potential 
(ORP) indicates the higher reduction condition at Iida site than the Higashiyoka site. 
 
7.6.3 Variations of Sulphide Content With Acid Concentration 
Figure 7.9 illustrates that with the increase in the acid concentration the sulphide 
content of the mud is also increased. The sub-surface of the mud usually affected more 
by the acid treatment practice. So the sulphide content is higher in the 0.001 m depth 
than in the 0.04 m. However, this is only true in the laboratory column test. In case of 
the field, the subsurface is much disturbed by the turbulence of the sea water and gets 
the plenty of oxygen consequently a decrease in the sulphide content. Jorgensen (1990) 
discussed that the sulphide content in the marine sediments are generated by the 
biological process of the sulphate reducing bacteria with the favorable anoxic 
condition and suitable temperature.  Figure 7.6 illustrates the fact that in the Iida mud 
during the 2002, the sulphide content is more in the depth of 0.04-0.10 m. During 2005, 
the increasing trend of the sulphide content is observed with the depth both at the Iida 
and Higashiyoka tidal mud. 
 
7.6.4 Variation of pH with Salt Concentration 
The observed changes in salt concentration and pH values as a result of acid treatment  
are visualized by examining the relationship between pH and salt concentration for 
these muds (Figure 7.10), both in the field and laboratory situations. Figure 7.10 
depicts the decrease in pH with increasing salt concentration, for the Megurie site, 
which is very close to the Iida site which was based on field test data conducted by 
Ohtsubo et al., (1995), and for another Ariake Sea mud sample (based on laboratory 
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test). The data of the original Higashiyoka mud (thought to be much less affected by 
the acid treatment practice in the field) agrees with the observed field and laboratory 
trends, while most of the data from the Iida site and B0.1 test underestimate the 
observed trend. 
 
Superposed on these trends are the results of changes in the salt concentration and pH 
as a result of acid treatment (B0.1 test) for Higashiyoka mud. Two significant results 
were observed: first, the treatment with acid reduces the salt concentration and pH 
values (almost down to 6.5) and second, these changes do not follow the trends shown 
in Figure 7.10. Once again, it was observed that changes at the Iida site are well 
simulated by the B0.1 test and the earlier discussion of the similarity in the mud 
sulphide profiles between the Iida site and the laboratory test B0.1 seems justified. The 
relationship between the sulfide content and pH for these muds is depicted in Figure 
7.11.  
 
7.6.5 Variation of pH with Sulphide Content 
The laboratory data from B0.1 test suggests an increase in the sulfide content with a 
decrease in pH as a result of acid treatment of the original Higashiyoka site mud. The 
values of pH higher than 7.0 in the case of the Iida mud (at shallow depth), and the 
reduced sulfide content are indications of some possible recovery following the 
controlled acid treatment practice since 2002. In Figure 7.11, a value of |r| = 0.909 
indicates that the pH appear to be one of the important factors controlling the sulfide 
content when these muds are treated with the acid.  
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7.6.6 Survival Test of Agemaki Shell 
The variation of the survival percentage of the Sinonovacula constricta with duration 
is illustrated in the Figure 7.12. It is shown that the most acute situation occurred when 
the acid concentration was 0.11% as all the living Sinonovacula constricta shells died 
within 7 days of the experiment starts. However, when the acid concentration was  
0.01%, the survival percentage of the Sinonovacula constricta was above 80% at the 
same duration. This phenomenon is due to unfavorable geo-environmental conditions  
which were induced by the concentrated acid applied to the mud.  
 
7.6.7 Variation of Dissolved Oxygen 
Figure 7.13 shows that the dissolved oxygen is also used up during the experiment. For 
the case of 0.11% of acid concentration, the dissolved oxygen is gradually depleted 
and has become nil at the sixth day. This is due to the enhanced bacterial activities  
with the abundance of the acid supply. Bacteria use the organic acid as their feed and 
increase their biochemical activities by consuming the dissolved oxygen which was  
discussed by Nicklin et al.,  (2002). When the concentration of the dissolved oxygen 
became low or left no more in the water, it was not possible to survive the 
Sinonovacula constricta.  
7.6.8 Variation of Sulphide Content With Acid Concentration 
Figure 7.14 illustrated that the sulphide content of the surface mud and the middle mud 
at the date of death of the Sinonovacula constricta for each acid concentration case. It 
is shown that at 0.11% acid concentration, after the seventh day of the duration, the 
sulphide content is nearly same in both surface and the middle portion and the value is 
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about to 0.45 x 10-3 kg/kg dry-mud.  
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Figure 7.12 Variation of the survival percentage of the Sinonovacula constricta with 
duration in different acid concentrations 
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Figure 7.13 Variation of dissolved oxygen with duration during the laboratory survival 
test 
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Figure 7.14 Variation of sulphide content with different acid concentration after the 
Sinonovacula constricta died in the laboratory survival test 
 
This indicates the unfavorable geo-environmental condition for the shells which is  
created by the applied acid for the experiments. 
In-situ tests indicated that Iida site is more affected by the acid treatment practice of 
the Porphyra sp. than the Higashiyoka site. The oxidation-reduction potential at Iida 
site indicated a serious reduction condition which is not favorable for the benthos, 
living in the mud. The acid treatment practice resulted in significant reduction of the 
salt concentration and pH, and increase of the sulphide content of the mud. The 
laboratory simulation tests proved changed geo-environmental condition due to the 
impacts of the acid. The Sinonovacula constricta was also unable to survive more than 
one week in the 0.11% acid concentration in the laboratory experiment. The change in 
the geo-environmental conditions of the Ariake sea mud seems to be reasonable in 
explaining the recorded decrease in the catch of some shells living in the shallow depth 
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of the mud. The acid-contaminated geo-environmental conditions of the tidal-mud of 
the Ariake Sea are improving gradually from 2002 to 2005 due to some sorts of 
controlled dumping of the acid into the Ariake Sea. However, the geo-environmental 
conditions of the Ariake tidal-mud are still in the unfavorable range for the shells life 
due to the impacts of the acid treatment practice of the Porphyra sp. cultivation. 
 
 
7.7   Experimental Study by using Measuring Cylinder in Different 
Temperatures and Different Acid Concentrations 
 
7.7.1 Outline and Method 
 
By using the measuring cylinder this test was conducted. Figure 7.15 has illustrates 
the setup of the apparatus during the test. A simple test was conducted to observe the 
effects of temperature and the sea laver treatment acid on the tidal mud.  
 
1) Sample and seawater: The mud which was collected in Higashiyoka, Saga, Japan . 
The seawater which was  collected at the Rokkaku River is used. And the salt  
concentration of the sea water is 25 g/L. 
 
2) Preparation: At first, the mud (m=65g dry-mud) is put into the measuring cylinder 
after mixing thoroughly.  Then, seawater is put into the cylinder by whole volume 
1L. 10 pattern of acid concentration and 6 pattern of temperature were set during 
14 days, variety and condition that sulphate-reducing bacteria become active.  
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3) Method of experiment: Concentration of sea laver treatment agent is set by 10 
pattern (0, 0.005, 0.01 0.02, 0.03, 0.04, 0.05, 0.07, 0.09, 0.11% ), and room 
temperature is set by 6 pattern (10, 12.5, 15, 20, 250C ). Regularly pH and ORP 
were measured. ORP and pH were measured by using Denver Instrument used.  
 
 
 
 
 
 
 
 
7.7.2 Observation during the Test 
 
Figure 7.16 and Figure 7.17 shows that the result of the test. For the above experiment, 
pH decrease at once, and then increase near the neutrality along time. ORP also goes to 
down considerably at once, then increase. These behaviors  are caused that 
sulphate-reducing bacteria take an acid apart. Because sulphate-reducing bacteria and 
other bacteria which is not active in low temperature becomes active in high 
temperature, behavior of a chart becomes intense with the temperature. The more days 
go by, the more black precipitate is result in and the mud become dark in this  
黒色沈殿
（硫化鉄）
Ferrous Sulphide
Acid concentration
0％ 0.005%  0.01%    0.02%    0.03%    0.04%   0.05%    0.07%  0.09% 0.11%  
Figure 7.15 Photo of the measuring cylinder after 4 days at 25 0C in different 
acid concentrations 
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Figure 7.17 Variation of ORP with duration in different acid concentrations 
 
experiment (particularly acid concentration 0.09 and 0.11 over 150 C). But the more 
days go by, the thinner the color of mud become and fade out at the end. At that time, 
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Figure 7.16 Variation of pH with duration in different acid concentrations 
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black mud turn back to original color. What black precipitate is result is explained by 
following chemical reactions 
H2S  H
++HS-   HS-  H++S2- 
   H2S + Fe 
2+        FeS 
 
7.8 Proposed Mechanisms of Transport of Sea Laver Treatment Acid in the Tidal 
Mud Influenced by Seasonal Temperature 
 
During the period of each end of December to the next February, the sea laver 
treatment acid is used by the local sea laver farmers as the disinfectant acid to treat the 
sea lavers as well as an effective way to remove the attachments of which the color is 
different from the sea lavers cultivated in the tidal areas of Ariake Sea. By doing so, 
the farmers found that the sea laver could keep its characteristic color which is benefit  
to a good sale. The sea laver acid treatment practice has been widely undertaken in 
Japan since 1979 and officially recorded in the Saga Prefecture since 1993 although 
non-recorded acid treatment practice had been undertaken. The sea laver treatment  
acid is usually diluted by the seawater to a concentration of a 1% to 2% (by volume) 
and the diluted solution is then used in the sea laver treatment practice. After short 
time treatment which usually lasts for 5 minutes by soaking the sea lavers in the 
diluted treatment acid, the residual treatment acid is usually directly dumped to the 
Ariake Sea. Since the density of the treatment acid (17 kN/m3) is usually higher than 
that of the sea water (10 kN/m3), considerable amount of sea laver treatment acid 
would settle down to the surface of the tidal mud in the uncontrolled acid treatment  
practice. It is thought that during the cultivation of the sea laver season, the sea laver 
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treatment acid would transport into the mud driven by the downward seepage. Under 
appropriate condition (i.e., relatively high temperature such as in Spring, Summer and 
Autumn seasons), Phosphorus contained in the sea laver treatment acid would enhance 
the activity of the sulfate-reducing bacteria and thereby enhance the bio-chemical 
reactions that generally occur in the marine sediments. As a result, sulfide content of 
the Iida tidal flat mud increases, which represents undesirable inhabitation condition 
for the Agemaki shells. 
 
The downward and upward seawater seepage may be induced by three possible 
mechanisms: 1) tidal flow induced seepage in the tidal mud, 2) coupled heat-pore 
water vapor-pore water liquid flow; and 3) heat-free pore gas interaction induced pore 
water liquid flow in the tidal mud. The first aspect has been proved by the field test in 
the Iida tidal area and by the laboratory test. The reason for the different corresponding 
time for arriving at the peak total head is  thought due to the presence of the gas  
(including oxygen, methane, hydrogen sulfide and carbon oxide etc.) in the pore fluid 
of the Ariake Sea tidal mud, which usually has a concentration of about 3-5% (by 
volume). Due to the presence of the free gas bubble in the pore fluid, the transfer of the 
flood tide loading to the tidal mud is delayed. As a result, the time for arriving at peak 
pore water pressure at the shallow depth is shorter than that at the deep depth, which 
resulting in a downward seepage flow of pore water liquid. The second and third 
aspects are related to the temperature change in the tidal mud. Moqsud et al. (2006 a) 
investigated the temperature of the tidal mud and found that during Spring and 
Summer, the temperature at the shallow depth of the Iida tidal mud is higher that of the 
deep depth, whereas opposite phenomenon was found during Autumn and Winter 
(Figure 7.18 ), which causes water to move in the vapor phase from a hot site to a cold 
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site. The vapor condensates at the cold site, which increases the total head and drives  
the water liquid phase from cold site to the hot site. Aforementioned process is titled 
coupled heat-pore water vapor-pore water liquid flow, is due to the temperature change 
in the tidal mud and the presence of the free gas bubble in the pore fluid of the Iida 
tidal mud. The internal pressure p of the free gas bubble is expressed as: 
 
 
 
 
 
 
 
 
Figure 7.18 Proposed concept of coupled heat-pore water vapor-pore water liquid flow 
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Figure 7.19 Proposed concept of heat-free pore gas interaction induced pore water 
liquid flow in the tidal mud 
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0
2
r
Tpup saw ++=                                  (7.4) 
in which uw = the pore water pressure, pa = the atmospheric pressure, Ts = the surface 
tension pressure acting on the gas bubble, and r0 = the radius of the gas bubble. Since 
the temperature changes in the tidal mud at four seasons, Ts changes. At the same time, 
the volume of the free gas bubble intends to change when the temperature in the tidal 
mud changes based on the ideal gas law:  
 
nRTpV =                                         (7.5)  
 
in which V = the volume, n = the amount of substance of dissolved gas, R = the gas 
constant, and T = the temperature in Kelvin. However, due to the less or more confined 
pore space (i.e., confining pressure u, pa, and Ts acting on the gas bubble) in the tidal 
mud, the total pore space volume which includes pore water liquid volume and free gas 
bubble volume hardly changes instantaneously. To satisfy Eq. (7.5), p should increase 
when temperature increases during Spring and Summer seasons while decreases during 
Autumn and Winter seasons. Since Ts changes opposite to the change in T and pa are 
almost constant, uw changes resulting in the generation of excess pore water pressure. 
The development of the excess pore water pressure is more significant in the deep tidal 
mud than that in the shallow depth where confining pressure is less and gas emission 
to the atmosphere frequently occurs. As a result, a difference between the excess pore 
water pressure at the shallow depth and deep depth exists, which generates seepage 
flow of pore water liquid. During the Spring and Summer seasons, positive excess pore 
water pressure at the deep depth is higher than that at the shallow depth due to the 
relatively high temperature at the shallow depth than that at the deep depth. 
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Consequently, an upward fluid seepage of pore water fluid develops. An opposite 
seepage flow (downward seepage flow) develops in Autumn and Winter seasons. On 
the other hand, due to the emission of the dissolved gas to the atmosphere at the 
surface of the tidal mud, the amount of dissolved gas will be less than that at the deep 
depth. In another words, concentration gradient of dissolved gas exists in the tidal mud. 
Therefore, the free gas will transport upward mainly driven by diffusion.  
 
For simplicity, in this study, it is simply assumed that the total pore water liquid 
seepage in the tidal mud is the sum of the aforementioned three mechanisms. During 
the sea laver treatment practice, the sea laver treatment acid, which settles down to the 
surface of the tidal mud, would transport down to the tidal mud driven by the 
downward seepage of pore water liquid. The interaction between the transported acid 
and the mud may not be significant due to that the low temperature limits the sulfate 
reduction bacteria and thereby the generation of the H2S and FeS (Hayashi et al. 2003). 
In the Spring and Summer seasons, when the temperature increases, considerable 
amount of H2S and FeS are generated due to the enhanced activity of the sulfate 
reduction bacteria in the tidal mud (Hayashi and Du 2005). These chemical compounds 
would be washed out of the tidal mud due to the upward pore water liquid seepage and 
consequently would induce a natural remediation effect on the mud. As a result, the 
measured content of H2S decreases recently. In this study, only the effect of the 
aforementioned aspect 1) related pore water liquid seepage on the transport of the sea 
laver treatment acid in the mud and the remediation of the efficiency will be presented 
in the later part.  
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7.9 Schematic View of the Phenomenon in the Sea Mud as it is Infected by Acid 
Treatment Practice 
 
Figure 7.20 illustrates the view of the sea mud which is infected by the acid treatment 
practice. During winter the acid treatment practice is conducted in the Ariake sea. Due 
to the lower temperature the tidal mud shrinkage will happen at that time. As a result, 
the sea laver treatment agent entered into the mud which will supply food for the 
sulphate reducing bacteria and consequently they have become active. But due to 
unfavorable thermal environment at the winter the sulphate reducing bacteria can not  
become active at that time. However, after getting hot during spring and the summer, 
the sulphate reducing bacteria becomes more active and produces much acid volatile 
sulphide. During the summer, the tidal mud has become expanded and the resulting 
hydrogen gas comes upward and the AVS maximum depth is shown in the 
subsurface layer. 
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Figure 7.20 Conceptual images of the effects of seasonal temperature of the 
shallow sea mud infected by sea laver treatment agent 
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7.10 Summary 
 
In this chapter the effects of acid treatment practice on the geoenvironmental condition 
of the Ariake Sea is discussed. Due to the acid treatment practice the geoenvironmental 
condition has become unfavorable for the benthos living in the tidal mud. For this 
reason the catch of shells in the tidal flat area has dramatically decreased.  
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                         Chapter 8 
 
 
  
 
    MAIN CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE RESEARCH 
 
 
 
 
 
8.1 General 
 
This study aims to assess the pore water movement due to tidal effect and temperature 
as well as the thermal environment of mud of a shallow sea. The pore water movement 
takes place in the tidal flat area due to the tidal effects and the presence of the biogenic 
gas in the tidal mud. The time lag in the peak pore water pressure in the tidal flat area 
causes some upward and downward movement of the pore water pressure during high 
tide and the ebb tide. The diurnal (daily) and seasonal variation of temperature in the 
tidal flat area is observed. This variation of temperature causes a movement of pore 
water in different depths. The basic geoenvironmental properties of the contaminated 
Ariake Sea have been monitored regularly from November 2002 to date. As the thermal 
environment is a part of the geoenvironment it is also studied. The acid treatment 
practice for the treatment of the sea laver is the most liable causes for the deterioration 
of the geoenvironmental conditions. The field /laboratory tests were undertaken to 
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investigate the effects of sea laver treatment agent on the salt concentration, pH and 
sulphide content of the tidal muds in the Iida and Higashiyoka sites of the Ariake Sea. 
The geotechnical properties of the muds in terms of liquid limit and plasticity index 
were also investigated. The generation of sulphide content is the main reason for the 
activities of the sulphate reducing bacteria in the sediments. The activities of the 
bacteria are largely depended on the temperature and the thermal environment. The 
typical profile of the sulphide content with respect to depth is largely influenced by the 
seasonal temperature. Soil temperature varies in response to changes in the radient, 
thermal, and latent energy exchange processes that take place primarily through the soil 
surface. The effects of these phenomena are propagated into the soil profile by a 
complex series of transport processes, the rates of which are affected by time-variable 
and space variable soil properties. Hence, the quantitative formulation and prediction of 
the tidal mud thermal regime can be a formidable task.   
 
 
8.2 Main Conclusions 
 
1) The downward and upward seawater seepage may be induced by possible mechanism 
of tidal flow induced seepage in the tidal mud. This aspect has been proven by the field 
test in the Iida tidal area and by the laboratory test. The reason for the different 
corresponding time for arriving at the peak total head is thought due to the presence of 
the gas (including oxygen, methane, hydrogen sulfide and carbon oxide etc. ) in the pore 
fluid of the Ariake Sea tidal mud, which usually has a concentration of about 3-5% (by 
volume). Due to the presence of the free gas bubble in the pore fluid, the transfer of the 
flood tide loading to the tidal mud is delayed. As a result, the time to peak pore water 
pressure at the shallow depth is shorter than that at the deeper depth which resuls in a 
downward seepage flow of pore water liquid. 
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2) The natural remediation efficiency of the tidal flat mud is investigated by a laboratory 
experimental study. The pH values increased gradually (about 6.8 to 7.8) with duration 
of the laboratory column test which signifies the removal of the acidic compounds from 
the mud with time. The natural remediation of the acid contaminated Ariake tidal mud is 
enhanced (above 90%) when hydraulic gradient increases both in the Iida and 
Higashiyoka mud samples. Due to the presence of the high concentration of dissolved 
oxygen in the upper layer, the remediation efficiency is higher in that portion of the 
column. By comparing the two mud samples it is found that Higashiyoka mud is good 
for natural remediation due to coarser gradation and higher permeability. 
 
3) The diurnal temperature variation is more visible near the surface (0.10 m and 0.20 
m). The temperature increase gradually from morning, peak at noon and gradually 
decrease at afternoon. However, at 1.0 m and 2.0 m depth, the variation of temperature 
was not so prominent. This is due to the volumetric heat capacity and the thermal 
conductivity of the tidal mud. From the seasonal variation of temperature, it is seen that 
during late summer, the surface and subsurface temperature is always higher than the 
deeper depth of the mud while in the winter the opposite phenomenon occurs. The 
proposed correlation for measuring temperature profile in different depths can be used 
in the ocean thermal energy conversion research and also be a useful tool for the regular 
monitoring of the contaminated geo-environmental conditions in the tidal flat. 
    
4) The thermal properties of the mud of the acid contaminated Ariake Sea was 
investigated through laboratory studies. The thermal properties of mud collected from 
tidal flat showed a different trend from the mud collected from deep sea due to the 
exposure to the sunlight and tidal wave turbulation. Thermal diffusivity of the mud 
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collected from under the sea yielded the same value for all seasons and in all areas. The 
value of thermal diffusivity is 0.12 mm2/sec.  Thermal conductivity of the Ariake mud 
reduced 85-90% after it was oven drying and increased by 10-30% after the ignition loss 
test. Thermal resistivity of the Ariake mud increased dramatically after oven drying and 
was less affected by the organic matter after ignition loss. Thermal diffusivity was 
increased 10-30% after oven drying. However, it was increased 10-40% after the 
ignition loss test. The volumetric heat capacity of the Ariake mud was  reduced by 
80-90% and increased 30-40% by the water content and organic content, respectively. 
To observe the effects of the water content, organic content and diatom content on the 
thermal properties of the tidal mud laboratory tests were conducted. Water content 
affects the thermal conductivity very much. With increasing of small quantity of water, 
the thermal conductivity increases dramatically. The thermal resistivity showed the 
opposite phenomenon. The volumetric heat capacity shows the same trend with thermal 
conductivity. The charcoal content which was used as a source of solid organic matter 
shows a great affects to the thermal properties of the mud. Thermal properties decrease 
gradually with increasing the charcoal content. But diatom content does not show much 
affects to the thermal properties. However, a slight decreasing trend was observed with 
increasing diatom. 
 
5) Results of field and laboratory tests show that in the sea laver farming areas of the 
Ariake Sea tidal flat, the unrecorded acid treatment practice during the period of 1977 to 
1992 and the official large scale acid treatment practice during the period of 1993 to 
2001 together had considerable impacts on the geochemical reaction balance of the tidal 
mud. The sulphide content increased to the levels much higher than the safe limit for the 
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benthos living at the shallow depth of the mud. This change in the geoenvironmental 
properties of the Ariake sea mud can explain the recorded decrease in the catch of 
benthos living in the shallow depth of the mud. The phosphorus content in the sea laver 
treatment agent has a great role in the sulphide content of the tidal mud as the sulphate 
reducing bacteria use phosphorus as their food and become active in a suitable thermal 
environment. In the laboratory test, it is found that different percentages of acid 
concentrations, the bacteria become more active at the temperature of 15 to 25 0C. 
These results also agree with the acid volatile sulphide content in the tidal flat mud in 
different seasons in the Ariake Sea. The acid volatile sulphide content and depth 
distribution shows seasonal temperature influence. 
 
 
6) The pore water movement is related to the temperature change in the tidal mud also. 
It is found that during Spring and Summer, the temperature at the shallow depth of the 
Iida tidal mud is higher than that of the deep depth, whereas opposite phenomenon was 
found during Autumn and Winter, which causes water to move in the vapor phase from 
a hot site to a cold site. The vapor condensates at the cold site and increase the total 
head and drive the water liquid phase from cold site to the hot site. This process is titled 
coupled heat-pore water vapor-pore water liquid flow  which  is due to the 
temperature change in the tidal mud and the presence of the free gas bubble in the pore 
fluid of the Iida tidal mud. 
 
8.3 Recommendations for Future Research 
 
The geoenvironmental condition of the marine area has become a major concern in 
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different parts of the world. The favorable geoenvironmental condition is the 
prerequisite matter for the sustainable ecosystem. Due to the damage of the global 
environment, it is required to think globally and act locally and personally. For our next 
generation, a sustainable environment is very much required. Geoenvironment which is 
relatively new has a great aspect for the sustainable ecosystem. A numerous numbers of 
interesting matters which have to be solved for the better future. 
 
1) The practical applications of the tidal flat mud temperature profile are to be studied. 
The proposed Tidal Mud Thermal Energy Conversion Technology (TMTEC). As a 
source of renewable energy the temperature difference can be utilized as a source of 
electricity production. The TMTEC can be a source of energy supply to future 
generation which can be a environmental friendly solution to the global economy. 
 
2) The numerical analysis of temperature profile for the shallow sea of muddy tidal flat 
should be done. The 2D numerical analysis should be carried out to understand the 
whole scenario.  
 
3) The thermal properties related to the microstructure by SEM and temperature profile 
in the sandy tidal flat should be studied properly. The effectiveness of the correlation 
for the temperature profile with depth in the tidal flat mud should also be carried 
out. 
 
4) Thermal properties of the shallow sea as well as deep sea should be compared 
properly. The thermal properties from different types of geoenvironmental 
conditions should be compared. 
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5) The effects of seasonal temperature on the pore water movement in the tidal flat 
areas should be carried out and the mechanism of the sea laver treatment acid enters 
inside the tidal mud should be evaluated properly by laboratory column test.   
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Appendix 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo A1.1 Digital pH meter (HORIBA) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo A1.2 Digital ORP meter (Denver Instrument) 
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Photo A.1.3 Salinity measuring meter (HORIBA)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo A.1. 4 Sulphide content measuring apparatus (Gastec 201H/L) 
 
 
 
 
 
Appendix 
 146 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo A 1.5 Thermal properties analyzer (KD2, Decagon, Inc. USA) 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo A 1.6 Thermocouple (Tokyo Sokki co.Ltd. Japan) 
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Photo A 1.7 Scanning Electron Microscope (SEM, JEOL JSM- 5800 LV) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo A. 1.8 Organic content effects study on thermal properties 
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Photo A. 1.9 Diatom used for effects of diatom on thermal properties 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo A. 1.10 Ship used for mud sample collections from the deep sea 
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Photo A 1.11 Mud Sample collection from deep sea 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo A 1.12 Mud sample collection in the tidal flat area 
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Photo A. 1.13 Sea laver cultivation picture in the Ariake sea 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photo A.1.14 Amphibious ship for mud sample collection 
 
 
 
 
Appendix 
 151 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Installation of the pore water pressure cells 
Photo A.1.15 Installation of pore water pressure in the Iida tidal flat 
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NOTATIONS  
 
A         =     area 
C         =     volumetric heat capacity 
Cm       =     specific heat 
DT, α   =     thermal diffusivity  
Ei        =     exponential integral function 
f          =     volume function 
L         =     thickness 
m        =     slope 
q         =     heat 
qh       =     thermal flux 
Q        =     quantity  of heat 
r         =      radial distance 
S         =     function of space and time 
t         =      time 
To       =     initial temperature 
x,y,z    =    orthogonal direction coordinates 
κ,λn     =     thermal conductivity  
θ         =     volume function of water  
γ          =     Eular’s constant 
ρ         =      mass density   
∇ T     =     spatial gradient of temperature 
∆T      =     temperature difference 
t
T ∂∂  =     time rate of temperature change 
dx
dT  =     temperature gradient in arbitrary direction 
dz
dT  =    temperature gradient in vertical direction 
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